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REMARKS/ARGUMENTS 

I. STATUS OF THE CLAIMS 

With entry of this amendment, claims 1-5, 7-8, and 10-13 are pending. Claims 1- 
5 and 7 are amended, and claims 10-13 are new. Claims 2 and 3 are currently amended merely 
to include reference to newly added claim 10. Support for the amendments can be found the 
specification as filed. 

Independent claim 1 is amended to recite that nucleic acid (3) has 95% identity to 
nucleic acid sequence as shown in SEQ ID NO 2. Support for this amendment can be found for 
example, at page 6, line 35 to page 7, line 3. Claim 1 is also amended to recite that the amino 
acid sequence encoded by nucleic acid (3) binds PSD-95. Support for this amendment can be 
found, for example at page 27, line 5 and at page 29, lines 4-5 of the specification. Claim 1 is 
also amended to recite hybridization conditions for nucleic acid (4). Support for the stringent * 
hybridization conditions of 2x SSC, 0.1% SDS, 50°C or lx SSC, 0.1% SDS, 37°C can be found 
for example, at page 6, lines 1 1-12 of the specification. 

Claims 2 and 3 are amended to include reference to newly added claim 10. 

Claim 4 is currently amended to add the step of culturing the host cell comprising 
the polynucleotide of claim 1, and recovering the expressed protein. Support for the amendment 
to claim 4 can be found, for example, at page 16, lines 15-18 and at page 17, lines 22-25 of the 
specification. 

Claim 5 is amended to recite a "purified" fragment. Support for this amendment 
can be found, for example, at page 17, lines 25-26 of the specification. Claim 5 is also amended 
for presentation in independent form by incorporating the elements presently recited in 
independent claim 1. Support for this amendment is the same as discussed above with regard to 
claim 1. 

Claim 7 is also amended for presentation in independent form. Support for this 
amendment can also be found in the passages discussed above with regard to independent claim 
1 . Claim 7 is further amended to recite that the fragment comprises at least eight amino acids 
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residues and a PET domain. Support for this limitation can be found at page 14, line 35 to page 
15, line 10 of the specification. 

Support for new claims 10-13 can be found throughout the specification as filed. 
In particular, support for new claim 10, directed to an isolated polynucleotide complementary to 
the polynucleotide of claim 1 can be found, for example, at page 3, lines 27-29 of the 
specification. Support for new claim 11, directed to a polynucleotide of claim 1 having 99% 
identity with a nucleic acid sequence as shown in SEQ ED NO:2, can be found at page 6, line 35 
to page 7, line 3. Support for new claim 12, directed to a polynucleotide of claim 1, encoding a 
PET domain and a LM domain can be found for example, at page 22, lines 18-20 of the 
specification. Support for new claim 13 directed to the polynucleotide of claim 12, wherein the 
PET and LIM domains correspond to the stated amino acid positions of SEQ ID NO:l, can be 
found in Figure 2. No new matter is added with entry of this amendment. 

II. SPECIFICATION 

A. Sequence Compliance 

The Examiner alleges that the application fails to comply with the sequence 
requirements as set forth in 37 C.F.R. §1.821-§1.825. Specifically, the Examiner alleges that no 
sequence identification has been provided for the sequences presented in Figures 2 and 3. In 
order to comply with the requirements of 37 C.F.R. §1.821 through §1.825, the specification is 
currently amended to add sequence identifiers to the brief description for Figure 2 in the 
paragraph beginning at page 23, line 5 and to Figure 3 in the paragraph beginning at page 23, 
line 7 of the specification. Applicants submit that the specification as presently amended 
addresses the Examiner's concerns and is in compliance with 37 C.F.R. §1.821 -§1.825. 

B. Specification Informalities 

The Examiner has objected to the specification for the informality of containing 
embedded hypertext in the specification. Applicants have amended the paragraphs beginning at 
page 6, line 31, and at page 22, line 7, to remove the "http" portion of the internet addresses from 
the specification. 
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Applicants believe that the specification as presently amended addresses all of the 
Examiner's concerns, and request that the Examiner withdraw the objection. 

III. CLAIM OBJECTIONS 

Claims 5 and 7 stand objected to as allegedly being of improper dependent form 
for failing to further limit the subject matter of a previous claim. 

Applicants have amended claims 5 and 7 so as to be presented in independent 

form. 

In view of claims 5 and 7 as presently amended, Applicants request that the 
Examiner withdraw the objection. 



IV. REJECTION UNDER 35 U.S.C. §101 

A. Non-Statutory Subject Matter 

Claims 1, 3, 5 and 7 stand rejected under 35 U.S.C. §101, as allegedly being 
directed to non-statutory subject matter. Specifically, the Examiner alleges that the claims as 
previously recited failed to include any limitations that would distinguish the claimed 
polynucleotides and polypeptides from those which occur in nature. 

Applicants note that the claims as presently amended recite limitations that 
distinguish the polynucleotides and the polypeptides from those that occur naturally. In 
particular, claims 1, 7 and 10 recite an "isolated" polynucleotide, and claim 5 recites a "purified" 
fragment of a polypeptide. 

In light of the claims as presently amended, Applicants request that the Examiner 
withdraw the rejection. 

B. Utility Rejection 

Claims 1-5 and 7-8 stand rejected under 35 U.S.C. §101 as allegedly not being 
supported by either a specific and substantial credible asserted utility or a well established utility. 
Specifically, the Examiner alleges that the instant application does not disclose a specific 
biological role for the m-Prickle protein or its significance to a particular disease, disorder, or 
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physiological process, which a skilled artisan would wish to manipulate for a desired clinical 
effect. To the extent that the rejection applies to the claims as presently presented, Applicants 
disagree. 

The m-Prickle protein possesses three LIM domains and one PET domain, as 
shown in Figure 4, and discussed in Example 4 of the specification. At the time of filing the 
application, a skilled artisan would recognize that each of the LIM domains can function as a 
protein interaction module (see, e.g., abstract of Dawid LB., et al. (1998) Trends in Genet. 
14:156-162; and abstract of Bach, I. (2000) Mech. Dev. 91:5-17, copies of which are enclosed as 
Exhibits 1 and 2, respectively). Similarly, the skilled artisan would also understand that the PET 
domain is likely involved in interactions with other proteins, such as actin cytoskeletal 
components (see y e.g., page 2325, left col. lines 1-7 of Gubb, D., et al. (1999) Genes Dev. 
13:2315-2327, a copy of which is enclosed as Exhibit 3). The presence of the highly conserved 
LIM and PET domains in the m-Prickle protein, would lead the skilled artisan to reasonably 
understand that the m-Prickle protein acts either as a scaffold protein, or as an integral part of a 
scaffold complex. 

Furthermore, the present Inventors have shown that the m-Prickle protein is 
concentrated in a post-synaptic density (PSD) fraction (see, Example 6 and Figure 5). The PSD 
is known as a region having a pivotal role in the physiological processes underlying learning and 
memory (see, e.g., page 627, left col. line 16 to page 630 right col line 54 of Wheal, H.V. et al. 
(1998) Prog. Neurobiol. 55:61 1-640, a copy of which is enclosed as Exhibit 4). As discussed 
above, the m-Prickle protein is reasonably expected to interact with numerous other proteins 
through the highly conserved LIM and PET domains, the skilled artisan would also reasonably 
expect that the m-Prickle protein is involved in the structural organization of the PSD. 
Therefore, the skilled artisan would reasonably expect the m-Prickle proteins and nucleic acids 
of the invention to be a potential target for affecting the physiological processes underlying 
learning and memory. 

Even more specifically, the present inventors have shown that the m-Prickle 
protein binds to the PSD-95 scaffold complex in the PSD (see, page 2, lines 20-21 and page 3, 
lines 20-22 of the specification). It was well known in the art at the time of filing the instant 
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application that PSD-95, a protein within the PSD, forms a complex with the NMDA receptors 
(NMDA-R) and is considered a model for synapse maturation, learning and memory at the 
cellular level and is known to play an important role in the expression of long term potentiation 
(LTP) (see, e.g. page 2, lines 21-26 of the specification; and Migaud, M. et al. Nature 396:433- 
439 (1998), abstract and figure 6, page 438, a copy of which is attached as Exhibit 5). Indeed, 
the interaction of m-Prickle with the NMDA-R is evidenced by the present inventor's 
demonstration of the co-precipitation of m-Prickle with the NMDA-R using an anti-m-Prickle 
antibody. 

Because m-Prickle is known to bind PSD-95, which is known to associate with 
NMDA-Rs in the PSD, and m-prickle can be co-precipitated with NMDA-Rs, the skilled artisan 
would understand that manipulation of m-Prickle can be used to modulate the processes 
underlying learning and memory at the cellular level. 

This use of the m-Prickle proteins and nucleic acids disclosed in the present 
invention as potential targets for effecting learning and memory is particularly evident in view of 
Kemp et al, which discloses that NMDA-receptor pathways are promising drug targets (see, e.g., 
abstract of Kemp, J.A., et al. (2002) Nat Neurosci 5 Suppl: 1039- 1042, a copy of which is 
enclosed as Exhibit 6). Specifically, Kemp et al. teaches that: 

The balance of evidence indicates that potentiating 
NMDA receptors should be beneficial for treating 
cognitive disorders and schizophrenia. .. .Reduction of 
NMDA receptor function with drugs or genetic 
manipulation clearly disrupts learning and memory in 
animals. Similarly, overexpression of the NR2B 
subunit improves learning and memory in mice. 
Perhaps it will be possible to find small molecules 
that potentiate NMDA receptors in the way that 
benzodiazepines (such as Valium) enhance activation 
of GABA A receptors. See, Kemp et al. page 1041, "NMDA 
receptor enhancers . " 

A skilled artisan reading the present application would readily understand that the 
m-Prickle proteins and nucleic acids of the present invention have a specific and substantial 
credible utility in screening for compounds that modulate NMDA-R function. In particular, the 
proteins and nucleic acids of the present invention are useful in the identification of compounds 
that modulate the binding between m-Prickle, PSD-95, and/or the NMDA-R, thereby effecting 
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the clustering of NMDA-Rs in the PSD. A compound capable of regulating the cluster formation 
of NMDA-Rs is useful in developing unique drugs that would enable a subtle regulation of 
NMDA-R function, possibly overcoming the undesirable side-effects associated with typical 
agonists and antagonists. See, Kemp et al 

A skilled artisan reading the instant specification would recognize that the 
proteins and nucleic acids of the present invention are useful in designing experimental systems 
for screening compounds that affect the clustering of NMDA-Rs. For example, as shown in 
Example 9 of the instant specification, antibodies recognizing R-Prickle can be used to localize 
R-Prickle (and thus PSD-95 and NMDA-Rs) in primary cultures of rat embryo hippocampal 
neurons. By monitoring a change in the clustering pattern of R-Prickle following addition of 
various test compounds, potential drug candidates that effect the clustering of NMDA-Rs in the 
PSD can be identified. 

In light of the Exhibits and discussion above, and the asserted specific and 
substantial credible utility for the proteins and nucleic acids of the invention, Applicants submit 
that the claimed invention meets the requirements of 35 U.S.C. §101 and request that the 
Examiner withdraw the rejection. 

V. REJECTIONS UNDER 35 U.S.C. §112 

Claims 1-5 and 7-8 stand rejected under 35 U.S.C. §112, first paragraph, because 
the claimed invention is not supported by either a specific and substantial credible asserted utility 
or a well-established utility and one skilled in the art would not know how to use the claimed 
invention. 

In light of the arguments and exhibits presented above, Applicants request 
reconsideration by the Examiner. 
A. Enablement 

Claims 1-5 and 7-8 stand rejected under 35 U.S.C. §1 12, first paragraph for 
allegedly lacking enablement. Specifically, the Examiner alleges that the specification is 
enabling for a polynucleotide encoding mammalian Prickle protein, wherein the polynucleotide 
comprises sense sequences associated with the Prickle protein, the specification does not 
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reasonably provide enablement for making antisense polynucleotide encoding a Prickle protein. 
To the extent that the rejection applies to the claims as presently amended, Applicants disagree. 

Independent claim 1 as presently amended does not recite a "complementary 
sequence. " This limitation has been moved to dependent claim 10, which recites an isolated 
polynucleotide comprising a complementary sequence to the polynucleotide of claim 1. 

In light of the claims as presently amended, and the arguments presented above, 
Applicants request that the Examiner withdraw the rejection. 

B. Written Description 

Claims 1-5 and 7-8 stand rejected under 35 U.S.C. §112, first paragraph as 
allegedly failing to satisfy the written description requirement. Specifically, the Examiner 
alleges that the instant specification fails to describe the entire genus of nucleic acids and 
proteins encompassed by the claims. To the extent that the rejection applies to the claims as 
presently amended, Applicants disagree. 

As an initial matter, Applicants direct the Examiner's attention to nucleic acid (3) 
of independent claims 1, 5 and 7 as presently amended. Specifically, the claim as amended 
encompasses nucleic acid sequence variants having at least 95% identity to the nucleic acid 
sequence as shown in SEQ ID NO:2, and wherein the encoded polypeptide binds PSD-95. 

With the above limitations in mind, Applicants now direct the Examiner's 
attention to the Synopsis of Application of Written Description Guidelines, Example 14. This 
particular example analyzes a claim directed to a protein with an amino acid sequence at least 
95% identical to SEQ ID NO:3 and that has catalytic activity. In Example 14, the specification 
provided one example of a protein that was a member of the claimed genus. The Patent Office 
concluded that the claim of 95% identity to a reference sequence with a specified catalytic 
activity was adequately described within the meaning of 35 U.S.C. § 1 12, first paragraph . 

The Synopsis reasons that the genus of proteins that must be variants of the 
claimed SEQ ID NO:3 does not have substantial variation since all of the members must have 
95% identity to the reference sequence and must have the specified catalytic activity. Therefore, 
according to the Synopsis, the "single species disclosed is representative of the genus because all 
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members have at least 95% structural identity with the reference compound and because of the 
presence of an assay... 1 ' that could be used to identify members of the claimed genus. The instant 
specification discloses the that mammalian prickle binds to PSD-95 and methods for determining 
this binding are also disclosed in the application, as well as known in the art. Thus, at a 
minimum, on the basis of the Synopsis of Application of Written Description Guidelines issued 
by the USPTO, the present claims that recite 95% identity to SEQ ID NO:2 meet the written 
description requirement as set forth in 35 U.S.C. §112, first paragraph.. 

Dependent claims 2-4 and new claims 10-13 depend either directly or indirectly 
from independent claim 1, and therefore include all of the limitations of independent claim 1. 
The arguments as presented above with regard to the independent claims is also applicable to the 
dependent claims. 

In view of the claims as presently amended, and the arguments presented above, 
Applicants request that the Examiner withdraw the rejection. 

C. Indefiniteness 

Claims 1-5 and 7-8 stand rejected under 35 U.S.C. §1 12, second paragraph as 
allegedly being indefinite. Specifically, The Examiner alleges that recitation of hybridization 
"under stringent conditions" is vague and indefinite. Further, the Examiner alleges that claim 4 
is indefinite for omitting essential steps. To the extent that the rejection applies to the claims as 
presently amended, Applicants disagree. 

Claim 1 as presently amended recites specific hybridization conditions of "2x 
SSC, 0.1% SDS, 50°C or lx SSC, 0.1% SDS, 37°C." Support for this amendment can be found 
at page 6, lines 1 1-14 of the specification. 

Claim 4 as presently amended recites the specific steps of culturing the host cell 
comprising the polynucleotide and recovering the expressed polypeptide from the host cell or 
culture supernatant. Support for this amendment can be found, for example, at page 16, lines 16- 
18 of the specification. 
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VI. REJECTION UNDER 35 U.S.C. §102(b) 

Claims 5 and 7 stand rejected under 35 U.S.C. § 102(b) as allegedly being 
anticipated by Drmanac et al. (WO 01/75067 A2). Specifically, the Examiner alleges that 
Drmanac et al. discloses a polypeptide sequence that has 80.5% sequence similarity to the 
instantly claimed molecules, and thus anticipates the claimed invention. 

To anticipate a claim, the reference must teach each and every element of the 
claim. "A claim is anticipated only if each and every element as set forth in the claim is 
found... in a single prior art reference." Verdegaal Bros. v. Union Oil of California, 814 F.2d 
628, 631, 2 USPQ2d 1051, 1053 (Fed. Cir. 1987). Thus, in order to anticipate, the cited 
reference must contain every element of the claims as at issue. The cited reference, Drmanac et 
al., does not. 

Claims 5 and 7 as presently amended recite that the polypeptide fragment 
comprises at least eight amino acid residues and a PET domain . Drmanac et al. does not teach 
nor suggest a polypeptide fragment having at least eight amino acid residues and a PET domain 
as presently claimed. Rather, Drmanac et al. teaches a plurality of nucleic acids obtained from 
cDNA and genomic libraries. As noted by the Examiner, SEQ ID NO:37384 of Drmanac et al. 
shows some similarity to the claimed polypeptide fragments and nucleotide chains. SEQ ID 
NO:37384 of Drmanac et al., however, does not contain a PET domain. 

Because Drmanac et al. does not disclose all of the elements of claims 5 or 7 as 
presently amended, Drmanac et al. does not anticipate the claims. 

In light of the claims as presently amended, and the arguments as presented 
above, Applicants request that the Examiner withdraw the rejection. 
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CONCLUSION 



In view of the foregoing, Applicants believe all claims now pending in this 



Application are in condition for allowance. The issuance of a formal Notice of Allowance at an 
early date is respectfully requested. 



If the Examiner believes a telephone conference would expedite prosecution of 



this application, please telephone the undersigned at 415-576-0200. 



TOWNSEND and TOWNSEND and CREW LLP 

Two Embarcadero Center, Eighth Floor 

San Francisco, California 941 1 1-3834 

Tel: 415-576-0200 

Fax:415-576-0300 

Attachments: Exhibits 1-6 

RCB:rcb 

61259576 v1 




Robert C. Burrows, Ph.D. 
Reg. No. 61,039 
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The LIM domain was recognized as a distinct protein 
motif within LIM homeodomain (LHX; Box 1) proteins 
by genetic and biochemical methods 1-3 . Quite rapidly, 
the family expanded by the discovery of LIM proteins that 
lack homeodomains, either by being composed almost 
entirely of LLM domains or containing additional func- 
tional domains of various types (reviewed in Refs 4-7). 
Thus, LIM-domain proteins do not form a functional fam- 
ily like, for example, metailoproteases or helix-loop-helix 
transcription factors; rather, a variety of quite dissimilar 
proteins share domains that can be classified as similar 
by sequence comparison. As we discuss in this article, 
the common thread of LLM-domain function is the 
mediation of protein-protein interactions. 

LIM-domain structure 

The solution structure of the C-terminal LIM domain 
of CRP1, a protein that contains two LIM domains and no 
other discernible structural motif, was solved by NMR in 
1994 (Ref 8). The solution structure of the related pro- 
tein CRIP (Ref. 9) and of the C-terminal LIM domain of 
CRP2 (Ref. 10) have been solved to yield rather similar 
structures. The two zinc fingers that constitute a LIM 
domain represent separate structural entities that are 
held together in a particular configuration by hydro- 
phobic interactions (Fig. 1). The similarity of the C-ter- 
minal finger segment in CRP1 and CRP2 to the zinc fin- 
ger in the DNA-binding domain of GATA1 emphasizes 
the structural implication that this LIM domain might be 
capable of specific binding to DNA; however, experi- 
mental evidence to support this possibility is lacking. 

Recently, the solution structure of the entire CRP1 
molecule has been solved (X. Yao and M.F. Summers, 
pers. commun.). The structure of the N-terminal LIM 
domain within the whole protein is very similar to that 
of the previously described, isolated C-terminal segment. 
The two LIM domains form independent structural units 
that are held together by the linker region, which is dis- 
ordered in solution, and there are no apparent inter- 
actions between the LIM1 and LIM2 domains. These 
important results raise certain questions in the context 
of interactions of LIM domains with other proteins that 
will be discussed below. 

Classification of LIM proteins 

The classification we proposed previously 11 is repro- 
duced in Fig. 1 with minor changes, because this scheme 
continues to accommodate most of the recently discov- 
ered LIM-domain proteins. This classification is based on 
sequence relationships among LIM domains and on the 
overall structure of the proteins. Using the GCG PILEI JP 
program, LIM domains were grouped by sequence similar- 
ity into four classes, with some outliers 5 . A re-analysis ? 
which included recently published LIM-domain sequences, 
yielded a similar pattern (not shown). A and B class LIM 
domains always occur in tandem in LHX proteins, and 
in LMOs and LIM kinases (LIMKs); these proteins are 
classified as Group 1. Class C UM domains are well- 
defined by sequence similarity and are found in proteins 
composed largely of LIM domains; these proteins are 
classified as Group 2. Group 3 is more heterogeneous 
with most, but not all, of the LIM domains of proteins 
included in this group belonging to sequence class D. 
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The UM domain is a specialized double-zinc finger motif 
found in a variety of proteins, in association with domains 
of divergent functions or forming proteins composed 
primarily of UM domains. UM domains interact 
specifically with other UM domains and with many 
different protein domains. UM domains are thought to 
function as protein interaction modules, mediating specific 
contacts between members of functional complexes and 
modulating the activity of some of the constituent proteins. 
Nucleic acid binding by UM domains, while suggested by 
structural considerations, remains an unproven possibility. 
LIM-domain proteins can be nuclear, cytoplasmic, or can 
shuttle between compartments. Several important UM 
proteins are associated with the cytoskeleton, having a 
role in adhesion-plaque and actm-microfilament 
organization. Among nuclear UM proteins, the UM 
homeodomain proteins form a major subfamily with 
important functions in cell lineage determination and 
pattern formation during animal development 



Group 3 proteins contain different numbers of LIM do- 
mains located at the C-terminus. Certain distantly related 
LIM proteins in yeast and a few other examples remain 
ungrouped in this scheme. Recently discovered LIM pro- 
teins 12-19 largely fit into this scheme. While most studies 
on LIM proteins deal with animal material, such proteins 
also occur in plants, where they appear to have a role in 
pollen development 20 . 

A second classification principle fits quite well with 
the scheme in Fig. 1: Group 1 proteins are primarily nu- 
clear while Group 2 and 3 proteins are cytoplasmic. This 
distinction is not rigid, however. For example, CRPs are 
distributed in the nucleus and the cytoplasm 21 , the LHX 
protein XLIM1/LHX1 is mostly nuclear but can be found 
in the cytoplasm, for example, in differentiating embry- 
onal carcinoma cells (A. Karavanov and LB. Dawid, un- 
published), and zyxin, which is mostly found in adhesion 
plaques, shuttles in and out of the nucleus by virtue of 
its nuclear export signal 1722 . Nevertheless, localization 
and known functions broadly distinguish Group 1 from 
Group 2 and 3 proteins. In Group 1, the LHX proteins 
are transcription factors that bind DNA through their 
homeodomain and are important developmental regula- 
tors; LMO proteins appear to be transcriptional cofactors 
that are components of regulatory complexes 2 - 2 '*. The 
LIMKs do not fall as neatly into the pattern, being found 
in the nucleus and the cytoplasm 25 . 
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Group 2 and 3 proteins are pri- 
marily cytoplasmic, and many are 
associated with the cytoskeleton, for 
example, zyxin, CRP and paxillin. 
Enigma binds to a set of cytoplas- 
mic proteins with tyrosine tight- 
turn motifs and appears to be in- 
volved in protein trafficking 26 . The 
ability to undergo multiple protein- 
protein interactions is the common 
denominator in considering these 
LIM proteins. 

Protein-protein interactions 

During the past few years it has 
liecome increasingly clear that LIM 
domains are multiple binding and 
adapter modules, and that many IIM- 
domain proteins contain additional 
motifs that can mediate interactions 
with a variety of proteins. Some LIM 
proteins appear to function solely as 
adapters to bring other components 
together in a complex; this might be 
the role of proteins containing only 
short regions beyond their LIM 
domains, such as LMO and CRP. 
Presenting a more complex pattern, 
zyxin binds to CRP1 through its first 
LIM domain, and to a-actinin, VAV 
and ENA/VASP through its proline- 
rich N-terminal domain, although not 
necessarily at the same site 17 ' 27 . While 
the function of some 1IM proteins 
might be entirely to act as binding 
partners and adapters, others clearly 
have separate functional domains, for 
example, the DNA-binding home- 
odomain in LHX proteins and the 
kinase domain in LIMKs. In these 
cases, the LIM domains might con- 
nect the parent protein to other part- 
ners through their interactive abilities, 
or could modulate the activity of 
other domains within the IIM pro- 
tein: we discuss evidence supporting 
lx)th of these types of function. 

The known binding partners 
of LIM domains are quite varied 
(Table 1). Certain LIM domains form 
dimers with other LIM domains, 
and it appears that all LIM domains 
can bind various structurally distinct 
protein motifs. For example, the 
aiTiino-proxirnal LIM domain of zyxin 
can bind CRP1 (Ref. 27), and CRP1 
and CRP3/MLP have been reported 
to form homodimers 21 - 28 . While A/B 
class LIM domains can interact with 
other A/B LIM proteins in vivo 21 , it 
is possible that this interaction is 
mediated by LDB/NLI (see below) 
or similar proteins. While homo- 
and heterodimer formation of LIM 



Box 1. Abbreviations, nomenclature, definitions 

Nomenclature and the use of abbreviations in the LIM protein field is unfortunately 
complex. We use the term LHX for LIM homeodomain proteins; this is simply an 
abbreviation used in this article. In contrast, LhxJ, -2 and so on are accepted names 
for individual LIM homeobox genes in the mouse and human. Orthologs of several 
of these genes in non-mammalian vertebrates are named LimJ, -J? and so on; thus, 
XUm-3 and Lbx3 are orthologous genes in Xencpus and mouse, respectively. In 
these cases, an effort is being made to assign the same numerals to orthologous genes. 
Not all LHX genes in vertebrates are named f Lim' or *Lbx\ with 2?/ and Lmx identify- 
ing additional genes in this class. LHX genes in invertebrates all have distinct names 
(e.g. mec-3, Iin-11, apterous). 

LMO is the name given to certain proteins composed of only LIM domains, previ- 
ously known as Rhombotin or Ttg; while the term 'LMO' was generated from 'IIM only*, 
LMO is not an abbreviation, it is a name, and should never be expanded to 'LIM only'. 
Other proteins, such as CRP, CRIP and PINCH, are also composed of LIM domains 
with few additional sequences, but are not closely related to the LMOs, 'When the 
term LMO is recognized as a name rather than as an abbreviation, confusion about 
relationships between these groups is avoided. 

LIMK stands for LIM kinase, a name given to proteins that contain two UM 
domains and a kinase domain. 

A number of proteins mentioned in this article have multiple names, so to facilitate 
cross-referencing the alternative names are divided by a forward slash, for example, 
ENA/VASP. 




Figure 1. LIM protein structure and classification. The double-zinc finger protein motif of 
the LIM domain is shown in (a). The structure of CRIP is shown in <b) (reproduced by 
permission from Ref. 9). Both finger domains are constituted by two antiparallel 
p-sheets; in the N-terminal module, these are followed by a tight turn that forms the linker 
to the following module. At the C-terminus of the second module, the ^-sheets are followed 
by a short a-helLx. Classification of LlM-domain proteins is presented in (c) (modified 
from Ref. 11). LIM domains in LHX (LIM homeodomain) proteins, and in LMO and UMK, 
are related by sequence-, forming Group 1: sequence similarity between UMK and other 
Group 1 proteins is lower than similarity between LHX and LMO proteins. Group 2 proteins 
have related LIM domains and contain only a short additional conserved motif (dark gray). 
Although Group 3 is quite heterogeneous. LIM domains in this group are more closely 
related to each other than to those in Groups 1 and 2. LIM domains are shown in pale gray. 
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domains is intriguing but of uncertain general signifi- 
cance, LIM domain interactions with other proteins are 
clearly functional. At least one LHX protein, LMX1, the 
LMOs and CRP3/MLP interact physically and function- 
ally with helix-loop-helix transcription factors (Table 1), 
as shown by functional synergy in in vivo transcription 
assays and the presence of complexes containing these 
components in the cell 2 3> 24 .29,30 ^ particularly interest- 
ing partner protein, LDB/NU, is discussed below. 

Interactions with a variety of partners have been de- 
scribed for different Group 3 proteins. Several of these 
proteins are localized primarily in adhesion plaques, also 
named focal adhesions, through which cells adhere to 
the extracellular matrix. The adhesion plaque constitutes 
a marcromolecular complex that mediates the contact 
between matrix receptors and the cytoskeleton. Zyxin, an 
important component of adhesion plaques, has recently 
been reviewed in detail 17 . Paxillin is likewise found in 
adhesion plaques, where it is localized through the action 
of its third LIM domain 31 . In contrast, the interactions of 
paxillin with vinculin and the focal adhesion kinase are 
mediated by non-LIM regions of the molecule 31 . 

Enigma binds to the tyrosine-containing tight turn in 
the insulin receptor 26 , and was shown also to bind the 
receptor tyrosine kinase RET in a LIM-domain-dependent 
manner^. In addition, the LIM domains of enigma and its 
relative ENH bind some, but not all, isoforms of protein 
kinase C (PKC); it is particularly intriguing that the speci- 
ficity of enigma and ENH for different PKCs is partly over- 
lapping and partly different, allowing for potentially 
subtle regulatory interactions 33 . Certain PKC isoforms also 
interact with UMK1, requiring the C-termiml LIM domain 
for binding 33 . Given the wide-ranging regulatory functions 
of PKC in cell metabolism, it will be interesting to ex- 
plore the biological consequences of these interactions. 

LDB/NU - an important mediator of protein interactions 

The existence of LIM-domain-binding factors was 
suggested by several observations, for example, certain 
properties of LHX proteins. As homeodomain proteins, 
they could be expected to function as developmentally 
important transcription factors, and genetic evidence sup- 
ports this view (see below). However, studies of DNA 
binding by the ISL1 protein in vitro** and functional 
studies of XLIM1 by overexpression in frog embryos 35 
showed that the wild-type LHX protein is not effective 
in DNA binding and transcriptional regulation. Mutation 
or deletion of the LIM domains activated the XLIM1 pro- 
tein, suggesting that the LIM domains exert a negative 
regulatory role in LHX proteins; a binding protein was 
postulated as a cofactor for LHX function in vitxP^. 

Such a protein was indeed isolated independently by 
different laboratories and named LIM-domain-binding 
protein, LDB1 (Refs 24, 36), nuclear LIM interactor, NLI 
(Ref. 37) and, subsequently, CLIM2 (Ref. 38). LDB1 can 
functionally synergize with XLIM1 in the frog embryo in 
activating target genes 36 . A related protein, LDB2/CLIM1, 
has been seen in the mouse 38 , and LDBL LDB2 and an 
additional related protein, LDB3, have been found in 
zebrafish 39 . LDB proteins are highly conserved, in that 
mouse, frog and fish LDB1 are 95% identical for their 
entire length of 375 residues 36 - 3 ? and human and 
Caenorhahditis elegans relatives are found in the data- 
base; no similarity to other proteins has been seen. 
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Table 1. Interactions of UM domains with other 



proteins 


UM Protein 


Parmer 


Refs 


LHX proteins, LMOs 


LDB/NU/CLIM/CHIP 










PLIM/LHX3/LIM3 


prri 


T7 


LMX1.1 


F47/PAM1 




LM01,2 


TALI, LYL1 


78 


LMG2 


GATA1, GATA2, RBP 


79,80 


CRP1 


CRP1* a-actinin 


28, 81 


Zyxin 


CRP1, -2, -3, NOC2 


27, 76, 82, 






83 


CRP3/MLP 


CRP3/MLP, a-actinin, 


21, 30, 82 




LMOl, Apterous, MyoD 




Enigma 


Insulin receptor, 


26, 32, 33 




RET/PTC2, PKC-a,£l,£ 




Enigma homolog 




33 


(ENH) 






LIMK1 


IJMK1, 2, PKOy,£ 


33,84 



Note that only interactions in which LIM domains are 
involved are listed in this table. Interactions of other domains 
of some of these proteins are mentioned in the text. 
a Homodimer formation of CRP has been shown by overlay 
and two-hybrid assays 28 but not in sedimentation studies 85 . 



LDB1/NLI binds LIM domains from LHX and LMO 
proteins effectively, but does not bind LIMK or Group 2 
or 3 proteins36,3739. Truncation and binding experiments 
using different methods show that LDB1/NU can bind 
single LIM domains but binds a pair of A/B LIM domains 
with much higher affinity 40 - 41 . Furthermore, the LIM- 
binding domain has been assigned to the C-terminal half 
of LDB1/NLI and specifically localized between residues 
300 and 338 (Ref. 40). 

LIM-domain binding does not exhaust the interaction 
repertoire of LDB1/NLL In addition, this protein can form 
homodimers that involve its N-terminal region 40 * 41 , imply- 
ing that LDB1 can act as a bridging factor in building up 
complexes of different LHX proteins (Fig. 2). Further- 
more, the range of such partners is not limited to LIM 
proteins: CLIM1 interacts efficiently with the LIM domains 
of LHX3 (also named P-LIM) and of other LHX proteins, 
but also with the homeodomain protein P-OTX, which 
lacks LIM domains; functional synergy on a promoter 
construct was shown for LHX3+P-OTX+CLIM 1 (Ref. 38). 
This observation opens a host of possibilities for com- 
plex formation between different proteins mediated by 
LDB/NLI/CLIM. In fact, a large complex has been iso- 
lated from erythroid cells that contains LDB1 and LM02 
as well as TALI, GATA1 and E2A; this complex binds to 
a bipartite motif containing an E-box and GATA site 2 *. 
Interaction of LM02 and LDB1 within such a complex acts 
as a negative regulator of erythroid differentiation 24 . 

A major advance in studying the function of LDB1/NLI 
came with the discovery of a Drosopbila homolog en- 
coded by a gene named Chip Chip is 38% identical to 
LDB1, and effectively binds LIM domains 42 - 4 ^ while Chip 
does interact genetically with the UM homeobox gene 
apterous, the severe segmentation defects exhibited by 
the Chip null phenotype cannot be explained by inter- 
ruption of the function of any known LIM protein^. This 
phenotype might result from the interaction of Chip with 
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Figure 2. Some of the protein-protein interactions involving 
LDB/NLL Dimer formation via its N-terminal region might allow 
LDB/NLI to mediate interactions between different LHX and LMO 
proteins that bind to the C-terminal region by way of their LIM 
domains. Other honieodomain proteins, as shown for P-OTX, 
might be recruited to such a complex. (Based on Refs 38 ; 40, 41.) 



Apterous 
LHX2, LH2 (Vert) 
Apterous (Dm) 
TTX-3 (Ce) 
Arrowhead 
L3,:LHX8(M) 
Arrowhead (Dm) 
Islet 



1SL1 (Vert) 
IStejjVert) 
Islet (Dm) 
Lim3 

UM3, LHX3 (P-LIM) (Vert) 

Q$H4, LHX4 (M) 

BK64 (Dm) 

HfcUM(Hr) 

0|^14(Ge) 

Lim1 

□M6(2f) 

UMt, LHX1 (Vert) 
UKte* LHX5 (LIM2) (Vert) 
UjN-11 (Ce) 
BK67 (Dm) 
MEC-3 (Ce) 
LMX1 (Vert) 



Figure 3. LHX protein family tree. Only one of each set of vertebrate 
orthologs is included for clarity, and the different synonymous 
names in use are shown. The tree is based on pile-up comparisons 
of homeodomains. (Vert) indicates that orthologs are known from 
two or more vertebrate species; otherwise, species are identified 
as M, mouse; Zf, zebrafish; Hr, Halocynthia roreterr'Cascidian); 
Dm, Drosophila melanogaster, Ce, Caenorhabditis elegans. 



transcription factors other than LIM proteins, as shown 
already for CIIM/P-OTX (Ref. 38); indeed, an interaction 
of Chip with Bicoid has been observed (D. Dorsett and 
E. Torigoi, pers. commun.). Nevertheless, additional 
studies in Drosophila support the IIM<iomain-binding 
aspect of Chip function. Mutations reducing the level of 
the Drosophila LMO (DLMO) protein result in a wing 
phenotype that is modified in a quantitative manner by 
the dosage of Chip; it appears that the fly requires a pre- 
cise ratio of DLMO and Chip/LDB proteins, with devi- 
ations in either direction leading to various phenotypes 
(D. Segal and M. Shoresh, pers. commun.). These inter- 
esting results offer the opportunity to study protein- 
protein interactions in the context of the whole organism. 

Genetic and molecular studies on LIM homeodomain 
protein function 

LIM domains were discovered within homeodomain 
proteins 1 *^, and the LHX family continues as the largest 
group of LJM-domain proteins. LHX proteins can also 
be viewed as a subfamily of the very large family of 
homeodomain proteins 44 . LHX protein sequences have 
been conserved from nematodes to mammals and are 
particularly well conserved among vertebrates. As sum- 
marized in Fig. 3, nematode or fly genes mostly have 
two vertebrate homologs that are closely related to each 
other, but the matrix Ls not complete, suggesting that 
additional LHX genes will be found. 

LHX proteins have a role in the deterrnination of cell 
lineage and identity, as discovered initially for two of 
the founding members of the group, mec-3 (Ref. 1) and 
lin-11 (Ref. 2). Since then, genetic studies (Table 2), sup- 
plemented by inhibition and overexpression approaches, 
have expanded our knowledge of the role of these genes 
in development. As is common for regulatory molecules 
and particularly for homeodomain proteins, individual 
proteins can participate in multiple regulatory cascades 
in different cell types and tissues. 

Considering the increase in complexity during the evo- 
lution from nematodes to vertebrates, we note that not 
only has the number of LHX genes increased and their 
function become more complex, but their role in develop- 
ment has become more varied. In C. elegans, three LHX 
genes have been studied in detail, although several more 
exist 45 . Two of these have a role in the specification and 
function of a narrowly limited set of neurons: rnec-3 for 
mechanosensory neurons 1 and ttx-3 for certain interneur- 
ons in the thermoregulatory pathway 45 , lin-11, originally 
recognized as affecting the fate of cells in the vulva 2 , also 
affects certain neurons engaged in thermoregulation 46 . 
Thus, mutations in these genes affect specific pathways, 
but most other aspects of development proceed normally. 

The range of functions subsumed by LHX proteins 
appears to be substantially greater in Drosophila. Aptervus 
has a role in neuronal specificity and guidance 47 but 
also has a critical role in the patterning of the wing 48 and 
is involved in muscle development 4 ? The Drosophila 
islet ( isf) gene likewise has a role in axonal identity and 
guidance 50 . Arrowhead (Awti) is required for the develop- 
ment of one type of imaginal (adult) cells but represses 
the development of another type 51 . Thus, deficiency or 
overexpression of Awh leads to severe developmental 
abnormalities on a broader scale than reported for any 
C. elegansLHK gene. 
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Table 2. Genetics of UM gene function 



Gene 



Species Loss-of-funetkm phenotype 



Refe 



UM homeobox genes 

mec-3 C eiegans 

lin-11 C. eiegans 

Lbxl (Liml) Mouse 



ttx-3 

Apterous 

Lhx2 



C. eiegans 
Drosopbila 
Mouse 



Lbx3 Mouse 
Gsb4(Lbx4) Mouse 



Islet 
Isll 



Drosopbila 
Mouse 



Arrowhead Drosopbila 

Other UM genes 

LM02 Mouse 
CRP3/MLP Mouse 
UMK1 Human 



Failure of touch receptor neurons to differentiate 1 
Incorrect lineage in vulval cells; functional deficit in neurons controlling thermoregulation 2, 46 

Lack head structures anterior of otic vesicles; about 5% develop -partial secondary axis; 56 

lethal at day 9.5; die few escapers that were still-bom lack a urogenital system 

Functional deficit in thermoregulatory interneurons 45 

Required in wing patterning, axon guidance, muscle formation 47-49 

Anophthalmia; malformation in cerebral cortex; cell non-autonomous deficit in 63 

definitive erythropoiesis; embryonic lethal 

Anterior and intermediate lobes of pituitary fail to form although Rathke's pouch 64, 70 

develops; perinatal lethal 

Perinatal lethal due to failure of lungs to inflate, but unknown primary defect; affects 69, 70 

pituitary development 

Defects in axon pathfinding and neurotransmitter production in motor neurons 50 

Lack of motor neurons, en 7-expressing interneurons fail to differentiate as a 62 
secondary effect 

Cells forming certain adult structures fail to proliferate 51 

Early failure of ery'thropoiesis 72 

Cardiomyopathy 73 

Is involved in Williams syndrome 74 



Vertebrates contain a larger number of LHX genes 
than invertebrates. Usually, vertebrate LHX genes occur 
in closely related pairs (Fig. 3), except in zebrafish, which 
usually contain triplets. A clear example for a funda- 
mental role of an LHX gene in vertebrate development 
is provided by the XLIMl/Lhxl gene (Fig. 4). XUM1 is 
expressed in the organizer of Xenopus embryos and the 
equivalent region in the gastrulae of other vertebrates 52 " 54 . 
When activated artificially or by synergy with LDB1, 
XLIM1 can turn naive ectodermal cells into organizer- 
like cells that are capable of inducing anterior neural 



(a) Lim-1 knockout generates headless embryos 




Lim-1 +/+ or +/- Lim-1 -/- 



(b) Overexpression of Xlim-1 elicits partial axis duplication 
Control Inject XLIM1 4- Ldb 1 



Figure 4. The biological role of Lim-1 (XLJMl/UxxI) in early 
embryogenesis. (a.) Urn- 1 -deficient mouse embryos lack head 
structures anterior of the otic vesicle^ 6 , (b) Ventral injection of 
activated XLfMl RNA or of XLIM1 plus Ulbl RNAs led to partial 

axis dupl ication.s 55 -* 6 . 



tissue 35 * 36 ' 4 1 * 5S . and disruption of Liml/Lhxl in the 
mouse led to embryos missing head structures anterior 
of the otic vesicles 56 . These observations indicate that 
Liml has an early and fundamental role in vertebrate 
embryogenesis. It is possible that the severe phenotype 
of Lhxl-'- mice arises because the closely similar Lbx5 
gene is expressed in a non-overlapping pattern at gastru- 
lation 57 , precluding functional redundancy. In addition, 
the Liml/Lbxl gene is expressed later in the central ner- 
vous system, kidney and other organs 58-61 , suggesting 
multiple functions of more restricted scope at later stages. 

Different LHX genes exhibit varied specific functions 
in multiple tissues as seen from studies of mutations 
(Table 2.) and other approaches. Although Isll is widely 
expressed, disruption of the gene in the mouse results in 
the absence of a restricted set of neurons 62 , a similar 
phenotype to islet mutations in Drosopbila^ 0 . In con- 
trast, Lbx2~ / ~ mice show massive brain defects, includ- 
ing a complete lack of eyes, which agrees with the 
expression of the gene in the brain; in addition, a severe 
non-cell autonomous hematopoietic defect leads to early 
fetal death of mutant mice 65 . A highly specific ablation 
of the anterior and intermediate lobes of the piautary is 
seen in Lbx3~<- mice 64 . This phenotype agTees with the 
expression of the gene in the pituitary, but l>ecause it is 
also expressed in the pineal and in motor neurons 65 -^, 
the question arises why these structures are not affected 
as well. The answer probably can be found in the 
closely related Gsb4/Lbx4 gene which is expressed in 
the same cell types and whose ablation also affects 
pituitary development 6 ?,"™ 

LHX genes as a class have been implicated in the 
.specification of neuronal identity and axon pathfinding, 
as already mentioned in the case of C. eiegans and 
Drosopbila. In vertebrates, the expression of different 
members of the LHX family has been con-elated with 
neuronal classification and their organization into struc- 
tural and functional columns 66 , and LHX gene expression 
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was changed after experimental alteration of motor 
neuron fate 67 . These results suggest that LHX genes are 
involved in the specification of neuronal identity in the 
vertebrate CNS. 

Apterous is a major regulator of wing patterning in 
Drosophila, but the apparent apterous homolog in verte- 
brates, Lhx2/LH2, has distinct multiple roles in eye, brain 
and erythroid development 6 ^ but not in the developing 
limb. An important role in limb morphogenesis in verte- 
brates is carried out by the lmxl gene, which has no 
known fly homolog. Lmxl is induced by Wnfl in dorsal 
cells of the limb bud, and is believed to mediate dorsal 
development in this tissue (reviewed in Ref. 71). Lmxl 
might represent another example of the diversification and 
expansion of functions of LHX genes from invertebrate 
to vertebrate animals. 

A fundamental role in different developmental pro- 
cesses has also been demonstrated for several non- 
homeodomain LIM proteins (Table 2). LM02 is required 
in erythropoiesis 72 at an early stage, such that LM02- 
deficient mice die by day 10.5. MLP/CPR3 has been 
implicated in muscle development, and mutant mice: 
suffer severe cardiomyopathy 73 . LIMK1 is involved in 
Williams syndrome 74 , a complex human inherited dis- 
order involving congenital heart disease, defects in 
visuospatial cognition, and several other defects whose 
developmental relationships are not obvious. This fasci- 
nating observation will have to be correlated with the 
recently discovered major role of IIMK in the regulation of 
actin polymerization (S. Arber, O. Bernard and P. Caroni, 
pers. commun.). Furthermore, UMK might be involved 
in the ras signaling pathway 7 \ pointing to the possibil- 
ity of multiple functions in cell regulation. 

Conclusions and outlook 

The biological roles of LIM proteins are highly varied. 
The theme of LIM domain involvement in protein- 
protein interactions is certain to be continued as more 
partner proteins are discovered and structure-function 
relationships in such interactions, already analyzed to 
some extent 21 ^ 0 ' 41 ' 76 , are explored further. Many pro- 
cesses in the cell proceed in large complexes involving 
many different molecules. Cytoskeletal switching stations 
like adhesion plaques are examples of such complexes 
in which several LIM-domain proteins have an important 
role. Likewise, it is rapidly becoming clear that transcrip- 
tion and its regulation require the orderly assembly of 
numerous proteins on the DNA, involving protein-DNA 
and protein-protein interactions. LIM domains, with their 
ability to mediate varied interactions, play an important 
part in these cellular processes. 
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Exploring protein 
homology with 
the Blocks server 



Proteins typically contain regions of con- 
served sequence and structure punctuated 
by regions showing little conservation. These 
more-conserved regions can be revealed as 
ungapped 'blocks' in alignments of related 
sequences. Blocks describe characteristic 
regions of protein families and the range of 
sequences they can adopt. Consequently, 
the identification and analysis of blocks can 
be valuable for understanding protein func- 
tion, and computational tools based on them 



have been developed and refined as se- 
quence databanks have grown. 

The Blocks Database 1 was introduced in 
1991 as a method for classifying newly deter- 
mined sequences. A fully automated system 
finds and extends motif alignments for a 
collection of related proteins and chooses 
the highest-scoring set of blocks in which 
the blocks are in the same order along the 
sequences. When applied to the current col- 
lection of 932 unique protein families docu- 
mented in Prosite 2 (v. 9.3), a total of 3417 
blocks are produced. The median block is 
34 amino acids wide and includes 11 se- 
quences. The Blocks Database is searched 
with either a protein or (translated) DNA 
sequence query. In a search, the alignment 
information available in a block is extracted 
by using recendy improved methodology 
to convert the block to a position-specific 
scoring matrix (PSSM) 3 . High-scoring hits 
for single or multiple blocks representing a 
family are reported along with estimates 
that these hits occuned by chance, based on 
rank statistics. Searching can also be per- 
formed on the Prints Database 4 , which cur- 
rently represents 800 protein families. Prints 
are conceptually similar to Blocks, but they 
are constructed using a semi-manual align- 
ment method. The current default for search- 
ing is a composite database consisting of 
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Prosite User's User's 

families sequences alignments Prints 



Logos 
Trees 
Structure 




PCfl 



Sequence to sequences 



Figure 1. Overview of the Blocks 
wWW site. 

Blocks supplemented with the 231 protein 
families in Prints that are not represented in 
Blocks. Both Prosite (on which Blocks is 
based) and Prints provide key documen- 
tation and references for each protein fam- 
ily. Search results can be conveniently 
explored via WWW links from Blocks out- 
put to Prosite, Prints, other sources of pro- 
tein family documentation 5 and individual 
sequence entries via Entrez 0 and beyond. 
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Abstract 

The LIM domain is a zinc finger structure that is present in several types of proteins, including homeodomain transcription factors, kinases 
and proteins that consist of several LIM domains. Proteins containing LIM domains have been discovered to play important roles in a variety 
of fundamental biological processes including cytoskeleton organization, cell lineage specification and organ development, but also for 
pathological functions such as oncogenesis, leading to human disease. The LIM domain has been demonstrated to be a protein-protein 
interaction motif that is critically involved in these processes. The recent isolation and analysis of more LIM domain-containing proteins 
from several species have confirmed and broadened our knowledge about LIM protein function. Furthermore, the identification and 
characterization of factors that interact with LIM domains uluminates mechanisms of combinatorial developmental regulation. © 2000 
Elsevier Science Ireland Ltd. All rights reserved. 

Keywords: LIM domain; Regulation; Protein-protein interaction 



1. Introduction 

Specific protein— protein interactions are of fundamental 
importance for many biological processes. These interac- 
tions are mediated by specific protein surfaces which, 
according to their biological significance, remain conserved 
during evolution. Proteins often contain more than one 
interaction domain, thereby allowing multiprotein 
complexes to form. Multiprotein complexes are thought to 
be responsible for many key processes in biology, their 
protein composition also being a determinant of specificity. 
The LIM domain, discovered 10 years ago as a conserved 
zinc finger motif, has been found in a variety of different 
proteins. LIM proteins that are nuclear, cytoplasmic or 
shuttled between both compartments have been identified 
in many different species. These proteins contain one, two 
or multiple LIM domains and can be categorized into differ- 
ent classes according to their amino acid sequence homo- 
logies. In recent years, accumulating results have continued 
to attribute essential functions to LIM proteins in a variety 
of different biological processes. Identified as a domain 
mediating protein-protein interactions, the LIM domain is 
a crucial protein structure for the biological functions of 
many LIM proteins, thus emphasizing their importance for 
the assembly of multiprotein complexes. This article 
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reviews recent advances in the characterization of members 
of the LIM protein family, their biological roles, LIM 
domain binding proteins and regulation of activity. 

2. A defining family feature: the LIM domain 

Named by the initials of the three homeodomain proteins 
Linl 1, Isl-1 and Mec-3 in which it was first discovered, the 
LIM domain has proved to be a conserved domain found in 
proteins from ascidians to man. Subsequently, a number of 
LIM homeodomain (LIM-hd) genes were identified that all 
shared two tandemly repeated LIM domains fused to a 
conserved homeodomain (Table 1). LIM motifs were also 
found in other classes of genes encoding nuclear and cyto- 
plasmic LIM domain proteins (Table 2). Some proteins that 
are localized in the nucleus consist primarily of two LIM 
domains and were therefore named LIM only proteins 
(LMO). In Lmkl and Lmk2, LIM domains are associated 
with kinases, and other LIM proteins with varying numbers 
of LIM domains have been identified that are localized 
mainly in the cytoplasm (Curtiss and Heilig, 1998; Dawid 
et al., 1998; Jurata and Gill, 1998). 

The LIM domain is a cysteine-histidine rich, zinc-coor- 
dinating domain, consisting of two tandemly repeated zinc 
fingers (Dawid et al., 1998; Jurata and Gill, 1998). NMR 
studies of the cytoplasmic LIM proteins CRP1 and CRIP 
revealed that the LIM domain is structurally similar to 
GATA-type zinc fingers (Perez- Alvarado et al., 1994, 
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Table 1 

LIM homeodomain domain factors 



Gene Species 3 Molecular disturbance 



Phenotype/expres sion 



Other 



Refs. 



Ceh-14 Ce 

Linl 1 Ce Transposon insertion 



Lim-4 



Lim-6 



Ce Point mutations 



Ce Gene deletion 



Lhx3/4 subclass 

Vulval cell types missing, Lhxl/5 subclass 
thermoregulatory interneurons 

Required for olfactory Lhx6/7 subclass 

neurons, changes in movement 
and foraging behavior 



Mec-3 Ce Point mutation 

Ttx-3 Ce Point mutation 

Apterous Dm Gene deletion, PZ insertion 

Arrowhead Dm Transposon insertion 

BK64 Dm 

BK87 Dm 

Islet Dm Gene deletion 



Affects differentiation of 
GABAergic neurons, uterine 
morphogenesis 

Required for specific 
mechanosensory neurons 



Lmx subclass 



Lhxl/5 subclass 



Required for specific Apterous subclass 

thermoregulatory interneurons 



Defective wing patterning, 
muscle formation, axon 
guidance 

Requirement for subset of 
imaginal disc tissues 



Required for motorneruon 
pathfinding and 
neurotransmitter production 



Apterous subclass 



Ectopic expression represses 
development of certain imaginal 
disc cell types, Lhx8 subclass 

Lhx3/4 subclass 

Lhxl/5 subclass 

Ectopic expression in Dm 
induces changes in pathfinding 
and neurotransmitter identity, 
Islet subclass 



see Dawid et al., 1998 

Freyd et al., 1990; Hobert et al., 
1998 

Sagasti et al., 1999 



Hobert et al., 1999b 



Way and Chalfie, 1988 



Hobert et al., 1997 



Bourgouin et al., 1992; Cohen et 
al., 1992; Lundgren et al., 1995 



Curtiss and Heilig, 1997 

see Dawid et al., 1998 
see Dawid et al., 1998 
Thor and Thomas, 1997 



HRLIM Hr 



Isl-1 



Vert KO 



Expressed transiently at 32 cell Lhx3/4 subclass 
stage and in notochord 
precursor cells, later expressed 
in specific brain and spinal 
cord cell lineages 



Required for certain motor- 
and interneurons, pancreatic 
mesenchyme and islet cells, 
and pituitary cell 
differentiation 



Islet subclass 



Wada et al., 1995 



Pfaffet al., 1996; Ahlgren et al., 
1997; Takuma et al., 1998 



Isl-2 



Vert 



Expressed in brain and spinal Islet subclass 
cord 



Tsuchida et al., 1994 



Isl-3 



Zf 



Lhxl Vert KO 



Expressed in brain and spinal Islet subclass 
cord 



Missing anterior head 
structures, embryonic lethal 



LIM domain deleted Lhx 1 
induces secondary axis in early 
Xenopus embryos, Lhx 1/5 
subclass 



Gong et al., 1995 



Taira et al., 1994; Shawlot and 
Behringer, 1995 



Lhx2 Vert KO 



No eyes, forebrain defects, no Expression in ES cells produces 
definitive erythropoiesis, multipotent hematopoietic cells; 

embryonic lethal Apterous subclass 



Xu et al., 1993; Porter et al., 
1997; Pinto do 6 et al., 1998 



Table 1 (continued) 
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Gene Species 1 Molecular disturbance Pheno type/expression 



1996). However, unlike GATA-type zinc fingers, the LIM 
domains of animal LIM proteins do not seem to bind DNA. 
Rather, the LIM domain has been implicated in conferring 
specific protein-protein interactions (Feuer stein et al., 1994; 
Schmeichel and Beckerle, 1994; Arber and Caroni, 1996). 
Sequence comparisons show that several classes of LIM 
domains can be distinguished (Dawid et al., 1995, 1998; 
Jurata and Gill, 1998). According to this classification, 
LEM-hd factors, LMOs and the LIM kinases contain LIM 
domains of classes A and B. Consequently, this protein 
group has been designated as group 1. The primarily cyto- 
plasmic LIM proteins contain LIM domains of the C and D 
classes. Group 2 LIM factors are mainly composed of LIM 
domains of class C, whereas the heterogeneous group 3 LIM 
proteins contain primarily class D LIM domains (Fig. 1) 
(Dawid et al., 1998). In LIM-hd factors, positive and nega- 
tive functions have been attributed to the LIM domain. It has 
been shown to be required for the synergistic activation of 
target genes together with other classes of transcription 
factors (German et al., 1992; Bach et al., 1995; Jurata and 
Gill, 1997), whereas LIM domain mutated or deleted 
versions of Lhxl, but not the full length protein, is capable 
of inducing a secondary axis, when injected ventrally in 
Xenopus embryos (Taira et al., 1994). 



Other Refs. 



et al., 



al., 1997 



tuzzi et 
;el et al., 
'er et al., 



2.1. Setting cell fates: LIM-hd factors 

In recent years the LIM protein family has grown consid- 
erably (see Tables 1 and 2) and has been attributed with 
essential roles in diverse biological processes. LIM-hd 
proteins have been shown in numerous examples to play 
important roles in cell fate decisions and organ develop- 
ment. These proteins contain two conserved N-terminal 
LIM domains and can be grouped pair-wise according to 
their overall sequence homologies (Dawid et al., 1998; 
Jurata and Gill, 1998). 

The C. elegans LIM-hd factor,. Mec-3, was shown to be 
involved in the specification of mechanosensory neurons 
(Way and Chalfie, 1988), whereas Lin 11 specifies certain 
vulval cell lineages (Karlsson et al., 1990). In addition, 
Linl 1 and ttx-3 factors have been connected with the devel- 
opment of specific thermoregulatory neurons (Hobert et al., 
1997, 1998). Recently, the C. elegans lim-4 gene has been 
implicated in olfactory neuronal cell fates (Sagasti et al., 
1999), whereas the lim-6 gene is involved in the function 
of specific GABAergic neurons (Hobert et al., 1999b). In 
Drosophila, the LIM-hd protein, Apterous, is required for 
dorsal cell identity during wing development (Cohen et ah, 
1992; Diaz-Benjumea and Cohen, 1993; Blair et al., 1994), 



Lhx3/P-Lim Vert KO 



Lhx4 



Lhx5 



Lhx6 



Vert KO 



Vert KO 



M 



4 of 5 anterior pituitary cell 
types missing, required for 
projections of specific 
motorneurons, perinatal lethal 

Hypoplastic anterior pituitary, 
required for projections of 
specific motorneurons, 
perinatal lethal 

Morphogenesis of 
hippocampus, postnatal lethal 

Expressed in first branchial 
arch and basal forebrain 



Lhx3/4 subclass 



Lhx3/4 subclass 



Lhxl/5 subclass 



Lhx6/7 subclass 



Sheng et al., 1996; Shan 
1998; Thor et al., 1999 



Li et al., 1994; Sheng et 



Zhao et al., 1999 



Grigoriou et al., 1998 



Lhx7 



M 



Lhx8 M 

Lhx9 M 

Lmxla Vert 

Lmxlb Vert KO 



Expressed in first branchial 
arch and basal forebrain 

Expressed in ventral forebrain 

Expressed in pioneer neurons 
in the cortex, limbs 

Expressed in pancreas, brain 
and spinal cord 

Limb, kidney and calvarial 
defects 



Lhx6/7 subclass 

Lhx8 subclass 
Apterous subclass 



Grigoriou et al., 1998 



Matsumoto et al., 1996 

Retaux et al., 1999; Ber 
al., 1999 



Specifies dorsal cell fate in chick Riddle et al., 1995; Vog 

limb development, Lmx subclass 1995 

Mutations Lmxlb cause human Chen et al., 1998; Drey 

nail patella syndrome; Lmx 1998 
subclass 



a Ce, Caenorhabditis elegans', Dm, Drosophila melanogaster; Hr, Halocynthia roretzi; M, mouse; Vert, two or more vertebrates; Zf, zebrafish. 



/. Bach /Mechanisms of Development 91 (2000) 5-17 



Table 2 

Nuclear and cytoplasmic LIM proteins 



Protein No. of Localization Tissue distribution Function/KO phenotype Other Refs. 

LIM 
domains 



LMO-1 



Nuclear 



Brain, ventral spinal cord, 
trigeminal and facial neurons, 
retina 



Causes T-cell leukemia when 
overexpressed in T-cells 



Greenberg et al., 1990; 
Boehm et al., 1991; Fisch et 
al., 1992; McGuire et al., 
1992 



LMO-2 



Nuclear Widely expressed, brain, 

spleen, liver, kidney, eye, 
lung, limb buds 



Lmo2 mice die at el 0.5; 
no erythropoiesis 



Causes T-cell leukemia when 
overexpressed in T-cells 



Royer-Pokora et al., 1991; 
Fisch et al., 1 992; Warren et 
al., 1 994; Larson et al., 
1995; Neale et al., 1995 



LMO-3 



Nuclear 



Brain, ventral spinal cord, 
trigeminal and facial neurons, 
retina 



Foroni et al., 1992; Hinks et 
al., 1997 



LMO-4 



Nuclear 



Widely expressed, brain, 
thymus, eye, lung, pituitary 



Grutz et al., 1998; Kenny et 
al., 1998; Sugihara et al., 
1998 



LMK1 



Wing, leg and eye imaginal 
discs, brain 



Cytoplasmic Mainly CNS, skeletal muscle 



Encodes Beadex gene, loss 
of tissue at wing margin 



Regulator of actin 
dynamics by cofilin 
phosphorylation, activates 
serum response factor 
(SRF) 



D-V misexpression: loss of wing 
margin; A-P misexpression: 
ectopic margin formation 

Lmkl is substrate for Rho- 
associated kinase ROCK 



Zhu et al., 1995; Zeng et al., 
1 998; Milan and Cohen, 
1999 

Arber et al., 1 998; Yang et 
al., 1998; Maekawa et al., 
1999; Sotiropoulos et al., 
1999 



LMK2 



CRP1 



Cytoplasmic Widely expressed, highest in 

placenta, liver 

Cytoplasmic Lung, intestine, arteries, 

fibroblast, stomach 



Okano et al., 1995 



Louis et al., 1997 



CRP2 2 
CRP3/MLP 2 



CRIP 
Ril 

Enigma 
Zyxin 



Cytoplasmic 

Cytoplasmic/ 
nuclear 



Cytoplasmic 

Cytoplasmic 

Cytoplasmic 

Cytoplasmic/ 
nuclear 



Arteries, fibroblast 



Heart, skeletal muscle 



Lung, skeletal muscle, 
intestine, heart, arteries, 
stomach, fibroblast 



MLP KO mice exhibit 
disruption of cardiac 
cytoarchitectural 
organization, dilated 
cardiomyopathy 



Louis et al., 1997 

Arber et al., 1997; Louis et 
al., 1997 



Perez- Alvarado et al., 1996 
Kiess et al., 1995 
Wu and Gill, 1994 



Shuttles between cell adhesion Sadler et al., 1 992; Nix and 



sites and nucleus 



Beckerle, 1997 



Prickle/Testin 3 



Ajuba 



Cytoplasmic 



Cytoplasmic 



Drosophila pupal intervein 
cells, eye and wing imaginal 
discs, cells engaged in 
morphogenetic movements 



Mutations or 
overexpression affects 
tissue polarity 



Promotes meiotic 
maturation 



Several splice variants 



Dicheva and Charleston, 
1995; Gubb et al.. 1999 



Goyal et al., 1999 



LPP 



Widely expressed 



Fusion partner gene of HMGIC Petit et al., 1 996 
in lipomas 



Paxillin 



Cytoplasmic 



Localizes to focal adhesions sites Turner et al., 1 990 



Table 2 {continued) 
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Protein No. of Localization 

LIM 
domains 



Tissue distribution 



Function/KO phenotype Other 



Refs. 



SLIMl/KyoT 


4(2) 


Cytoplasmic 
(nuclear) 


Skeletal muscle, lung, skin, 
kidney 




Alternative spliced form KyoT2 
inhibits RBP-J mediated 
activation 


Morgan and Madgwick, 
1996; Taniguchi et al., 1998 


ACT 


4 


Nuclear 


Testis 




Mediates CBP-independent 
activation of CREM and CREB 


Fimia et al., 1999 


PINCH/Unc- 
98 


5 


Cytoplasmic/ 
nuclear 


Vulval and body wall muscles, 
mechanosensory neurons; 
colocalizes with fS-integrin to 
focal adhesion sites 


Affects specific muscle 
adherens junctions and 
mechanosensory functions 
of touch neurons 




Rearden, 1994; Hobert et 
al., 1999a 



and Arrowhead was shown to be essential for the develop- 
ment of one set of imaginal cells, but incompatible with the 
development of another (Curtiss and Heilig, 1997). Impor- 
tant developmental roles for cell type specification have also 
been attributed to LIM-hd factors in higher vertebrates. 
Mice lacking. functional Lhxl fail to develop anterior head 
structures (Shawlot and Behringer, 1995). Isl-1 _/ ~ mice do 
not develop certain motor- and interneurons, pituitary cell 
types are unable to differentiate (Pfaff et al., 1996; Takuma 
et al., 1998), and the formation of pancreatic mesenchyme 
and islet cells is impaired (Ahlgren et al., 1997). Lhx2 is 
implicated in the development of the eye, forebrain, erythro- 
cytes and the chicken limbs (Porter et al., 1997; Rodriguez- 
Esteban et al., 1998). Lhx3/P-Lim and Lhx4/Gsh4 are impli- 
cated in the control of anterior pituitary development and 
specification of certain motorneurons (Sheng et al., 1996, 
1997; Sharma et al., 1998; Thor et al., 1999), whereas Lhx5 
controls the morphogenesis of hippocampal structures 
(Zhao et al., 1999). LMXla controls the dorsoventral 
patterning of chick limbs (Riddle et al., 1995; Vogel et 
al., 1995) and mutations in the LMXlb gene cause human 
nail patella syndrome (Chen et al., 1998; Dreyer et al., 
1998). Several other LIM homeobox factors are known to 
exist, including Ceh-14, BK64 and BK87 (see Dawid et al., 



LIM-hd 



LMO 



Cell fate specification during development 
Activation of transcription 

Differentiation of neurotransmitter biosynthetic pathways 
Definition of positional developmental information 



Development of cell types 
Oncogenesis 
Transcriptional regulation 



LIM-kinase 



Other LIM 
proteins 



Organization of the cytoskeleton 



Cell adherens junctions 
Cytoarchitecture 
Specification of cell polarity 
Nuclear-cytoplasmic shuttling 
Protein trafficking 
Regulation of transcription 



Fig. 1. Regulation of cellular processes regulated by proteins containing 
LIM domains. 



1998), or have been isolated, and the specific mRNA 
expression patterns of at least some of those proteins 
promise important functions for the development of further 
embryonic cell types and structures (see Fig. 1). 

There are many examples of developing organs in which 
specific LIM-hd genes are expressed in highly restricted but 
spatially and temporarily overlapping patterns. These tissue 
types include the developing pituitary, retina, limbs, 
thymus, pancreatic islet cells, spinal cord and brain. In the 
developing central nervous system, specific territories 
called neuromeres were identified on the basis of mitotic 
zones and fate maps and on the expression patterns of 
many developmental genes (Puelles and Rubenstein, 
1993). LIM-hd expression patterns have been shown to 
respect the boundaries of neuromeres and the regions that 
express LIM-hd genes entirely cover the transverse and 
longitudinal neuromeres (Retaux et al., 1999). Therefore, 
it is likely that the LIM-hd protein family is involved in 
fundamental events of anteroposterior and dorsoventral 
patterning of the central nervous system and it has been 
suggested that the combinatorial expression of LIM-hd 
genes may define distinct subclasses of neuronal cell types 
(e.g. Tsuchida et al., 1994). Indeed, in the developing spinal 
cord it has been demonstrated recently that the LIM-hd 
proteins Lhx3 and Lhx4 participate in a combinatorial 
code which defines the positional information required for 
the generation of distinct motorneuron subfamilies (Sharma 
et al., 1998; Thor et al., 1999). 

Several papers have reported the induction of LIM-hd 
gene expression by various inducing signals for different 
organs. In the ventral neural tube, Isl-1 expression is 
induced by Sonic Hedgehog (Ericson et al., 1995), whereas 
WNT7a controls the expression of Lmxl for the dorsoven- 
tral pattern formation of the chick limb (Riddle et al., 1995; 
Vogel et al., 1995). In Xenopus, dorsal mesoderm inducers 
of the TGF-0 superfamily, including activin, nodal and act- 
Vgl, have been shown to activate the Xliml promoter 
(Rebbert and Dawid, 1997), whereas FGF8 has been identi- 
fied as the likely candidate signaling molecule for the 
expression of Lhx6 and Lhx7, as well as for their cof actor 
CLIM2/NLI/LDB 1 in branchial arch mesenchyme cells 
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(Tucker et al., 1999) and for Lhx3 and Lhx4 in the embryo- 
nic anterior pituitary (Ericson et al., 1998; Treier et al., 
1998). Thus, the expression of different LIM-hd factors in 
various organ systems appears to be induced by multiple 
signals during embryogenesis. Interestingly, the Drosophila 
LIM-hd protein, Apterous, has been shown to activate the 
Notch signal transduction pathway during wing develop- 
ment (Diaz-Benjumea and Cohen, 1993). 

2.2. Nuclear UM-only (LMO) proteins in development and 
oncogenesis 

Nuclear LIM-only proteins consist of two LIM domains 
and little else and are thought to act as molecular adapter 
molecules, linking proteins of various types together. As 
shown for the LIM-hd genes, the LIM-only genes occupy 
important biological roles in development. Additionally, 
this class of LIM proteins has also been shown to be 
involved in oncogenesis (Rabbitts, 1998). The LIM-only 
genes LMO-1 and LMO-2 were first discovered because 
of their localization at translocation breakpoints of T-cell 
leukemia patients. These translocations resulted in an 
abnormal expression of LMO- 1 or LMO-2 in the thymus 
and in T-cells, tissues that normally express only low levels 
of both of these proteins. The overexpression of LMO-1 or 
LMO-2 in the thymus of transgenic animals was subse- 
quently shown to be sufficient for the occurrences of T- 
cell transformations (Larson et al., 1995, 1996). The role of 
LMO-2 in erythropoiesis was further demonstrated by a 
gene deletion experiment: LMO-2 deleted mice die during 
embryogenesis due to a failure to develop mature erythro- 
cytes (Warren et al., 1994). Subsequendy, it was shown 
that LMO-2 is also required for the hematopoiesis in the 
adult animals (Yamada et al., 1998). These results place 
LMO-2 function at least prior to the bifurcation of myeloid 
and lymphoid lineages. The nuclear LMO family has been 
extended with the isolation of LMO-3 (Foroni et al., 1992) 
and recently, LMO-4 (Grutz et al., 1998; Kenny et al., 
1998; Sugihara et al., 1998). Interestingly, unlike mRNA 
from the other LMO proteins, transcripts encoding LMO-4 
can be detected at high levels in the thymus. Other LMO-4- 
expressing tissues include the brain, skin, and pituitary 
gland (Grutz et al., 1998; Kenny et al., 1998; Sugihara et 
al., 1998) (see Table 2). A Drosophila LMO protein, 
dLMO, that is expressed in developing wing imaginal 
discs has been discovered, and its misexpression in the 
anterior-posterior boundary of the wing imaginal disc 
leads to extra wing outgrowth, a phenotype that is similar 
to that observed for the inactivation of the LIM-hd protein 
Apterous. Overexpression along the dorsal- ventral bound- 
ary leads to a phenotype similar to Beadex, a dominant 
mutation that causes the loss of the wing margin. Indeed, 
it has been shown that Beadex disrupts dLMO transcripts 
in the 3' untranslated region (Milan et al., 1998; Zeng et 
al., 1998). 



2.3. LIM kinases: regulators of cytoskeleton dynamics 

Two LIM kinases, Lmkl (Kiz) and Lmk2, have been 
discovered thus far, and both proteins display two N-term- 
inal LIM domains linked to a C-terminal kinase domain 
(Bernard et al., 1994; Mizuno et al., 1994; Okano et al., 
1995; Stanyon and Bernard, 1999). Recent studies on 
Lmkl have greatly advanced this field of research. Lmkl 
was found to shuttle between the cytoplasm and the nucleus 
(Yang and Mizuno, 1999). Whereas a nuclear role for Lmks 
has not been reported, recent work demonstrated a central 
cytoplasmic role of Lmkl in the organization of the actin 
cytoskeleton. This is achieved by its ability to phosphorylate 
cofilin, thereby reversing cofilin-induced actin depolymer- 
ization (Arber et al., 1998; Yang et al., 1998). The fact that 
Lmkl has recently been shown to be itself phosphorylated 
by the small guanosine triphosphatase Rho-associated 
kinase ROCK places Lmkl in the pathway of Rho-induced 
reorganization of the actin cytoskeleton (Maekawa et al., 
1999). Furthermore, Lmkl is able to activate the serum 
response factor (SRF), a transcription factor that regulates 
the expression of many serum-inducible and muscle-speci- 
fic genes. Here, Lmkl -mediated SRF activation was not 
dependent on serum, but rather on signals that depend on 
alterations in actin dynamics (Sotiropoulos et al., 1999). 
These results demonstrate a major role of Lmkl in the regu- 
lation of cell motility and morphogenesis. 

2 A. Diverse functions for other classes of LIM proteins 

The primarily cytoplasmic cysteine-rich protein (CRP) 
subfamily members, CRP1, CRP2, CRP3/MLP and CRIP, 
consist primarily of characteristic LIM domains that are 
each linked to a short additional conserved motif. CRIP 
contains only one, whereas the other three members, 
CRP 1-3, each contain two of these characteristic LIM 
domains (Perez-Alvarado et al., 1996; Dawid et al., 1998). 
Mice which lack the CRP3/MLP gene show disturbances of 
the cytoarchitecture of both cardiac and skeletal muscle 
(Arber et al., 1997). The fact that all three CRP proteins 
are associated with actin filaments and with the Z lines of 
myofibers, display very similar biochemical properties, but 
show distinct protein expression profiles suggests that they 
perform similar functions which are executed in distinct 
locations during vertebrate development (Arber et al., 
1997; Louis et al., 1997). In addition to the cytoplasmic 
localization of CRP3/MLP, nuclear localization has also 
been reported (Arber and Caroni, 1996), and a recent report 
links CRP3/MLP to an enhancement of the activity of the 
bHLH transcription factor MyoD (Kong et al., 1997). 
Furthermore, the Drosophila CRP gene, Mlp, might be the 
direct target of the myocyte enhancer-binding factor 2 
(MEF2) (Stronach et al., 1999). 

The divergent group 3 of LIM proteins is divided in two 
subgroups. One is comprised of members such as Ril, 
Enigma, Zyxin, Prickle and Paxillin. Ril contains one LIM 
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domain, whereas Enigma, Zyxin and Prickle contain three, 
and Paxillin four, conserved LIM domains at their C-term- 
inal ends. Besides their LIM domains, these proteins carry 
additional functional protein domains at their N-termini 
(Beckerle, 1997; Dawid et al., 1998; Jurata and Gill, 
1998). Sequences of several more putative group 3 members 
as yet unpublished are found in sequence databases (see 
Dawid et al., 1998; Gubb et al., 1999; Hobert et al., 
1999a,b). Most of the proteins of this group have been 
shown to be associated with the cytoskeleton (Turner et 
al., 1990; Sadler et al., 1992; Guy et al., 1999). In addition, 
Enigma seems to be involved in protein trafficking (Wu and 
Gill, 1994). Several alternatively spliced mRNAs of the 
recently identified Prickle protein have been shown to be 
involved in the specification of planar polarity in Droso- 
phila (Gubb et al., 1999). 

The SLIMl/KyoT/ACT and PINCH subgroups consist 
primarily of four and five LIM domains, respectively. 
Unc-98, a recently identified C. elegans LIM protein of 
the PINCH subclass, affects the structural integrity of the 
mtegrin-containing muscle adherens junctions and is impor- 
tant for the mechanosensory functions of touch receptor 
neurons (Hobert et al., 1999a). SLIMl/KyoTl has been 
shown to be localized in the cytoplasm, but KyoT2, an 
alternative spliced form of the same gene that contains 
only the N-terminal two LIM domains, is localized in the 
nucleus (Taniguchi et al., 1998). Recently, the LIM protein 
ACT has been identified that consists of four LIM domains. 
ACT protein is highly and specifically expressed in the 
nuclei of mouse testis cells (Fimia et al., 1999). 

2.5. LIM domains are versatile protein— protein interaction 
domains 

Because protein-protein interactions have been discov- 
ered to be of fundamental functional and regulatory impor- 
tance for many biological processes, and because of the 
essential biological roles documented for LIM proteins, 
the finding that the LIM domain serves as a protein-protein 
interaction interface has been of great interest (Feuerstein et 
al., 1994; Schmeichel and Beckerle, 1994; Arber and 
Caroni, 1996). Indeed, many different types of proteins 
capable of interacting with LIM domains have been identi- 
fied, including structural proteins, kinases, LIM domain 
proteins, several classes of transcription factors and cofac- 
tors. 

CRP proteins have been shown to dimerize and to bind 
specifically to the adhesion plaque LIM protein Zyxin 
(Feuerstein et al., 1994; Schmeichel and Beckerle, 1994, 
1997; Louis et al., 1997). The other known cytoskeletal 
interaction partner is the actin-crosslinking protein a-acti- 
nin (Pornies et al., 1997). CRP3/MLP has been shown to 
bind to the nuclear LIM proteins Lmol and Apterous (Arber 
and Caroni, 1996) and to the muscle bHLH factor MyoD. 
This last interaction promotes the myogenic activity of 
MyoD (Kong et al., 1997). 



The interaction of Zyxin with CRP1 has been shown to be 
mediated by LIM domain 1 , whereas the binding of Zyxin to 
a-actinin, which links this protein to the cytoskeleton, is not 
mediated through the LIM domain, but with an N-terminal 
proline-rich region (Schmeichel and Beckerle, 1994; Louis 
et al., 1997). The LIM protein Paxillin has been shown to 
interact via its N-terminal protein region with the cytoske- 
leton protein Vinculin and the focal adhesion kinase (FAK) 
(Turner et al., 1990). A possible link to apoptosis may be 
indicated by the interaction reported between Paxillin and 
bcl-2, an inhibitor of apoptosis (Sorenson and Sheibani, 
1999), however, the involvement of the LIM domains in 
this interaction remains unclear (C. Sorenson, pers. 
commun.). Protein interactions that are mediated via the 
LIM domains of Enigma and the Enigma homologue 
(ENH) include the insulin receptor, receptor tyrosine 
kinases and protein kinase C (PKC) (Wu and Gill, 1994; 
Kuroda et al., 1996; Wu et al., 1996). Moreover, an inter- 
action of Enigma's PDZ domain with (3-tropomyosin has 
been published recently (Guy et al., 1999). The LIM 
domains of Lmkl can interact with themselves, and with 
PKC (Kuroda et al., 1996). For the LEVI protein PINCH, an 
interaction with integrin-linked kinase (ILK) has been 
demonstrated (Tu et al., 1999). The SLIM/KyoT alterna- 
tively spliced nuclear variant KyoT2 binds to and represses 
the transcriptional activity of the transcription factor RBP-J, 
an effector protein of the Notch signal transduction path- 
way. However, this interaction is not mediated via its LIM 
domain but with its specific C-terminus (Taniguchi et al., 
1998). The nuclear LIM protein ACT has been shown to 
interact with the effector proteins of the cAMP signaling 
pathway, CREM and CREB, that were previously shown 
to be active via their interaction with the coactivator 
CREB-binding protein (CBP). ACT stimulates the tran- 
scriptional activity mediated by CREM and CREB in a 
CBP- independent manner (Fimia et al., 1999). 

The LIM domains of the nuclear LIM-only protein LMO- 
2 interact with at least two classes of DNA binding proteins: 
the zinc finger transcription factors GATA-1 and GATA-2, 
and Tall/Scl protein, which belongs to the bHLH class of 
transcription factors (Table 3). These interactions are 
believed to be of physiological relevance, since knock-out 
mice of any one of these three genes result in the similar 
phenotype of inhibition of erythropoiesis (Rabbitts, 1998). 
Furthermore, the efficiency of T-cell transformations was 
greatiy increased in double transgenic animals in which 
Tall was overexpressed together with LMO-2, demonstrat- 
ing a synergistic oncogenic potential of both proteins 
(Larson et al., 1996). LMO-4 has been shown to be able 
to interact in vivo with mDEAF (Table 3) (Sugihara et al., 
1998), the mouse homologue of the Drosophila DNA -bind- 
ing protein, deformed epidermal autoregulatory factor 1 
(DEAF1). These studies show that nuclear LIM proteins 
participate in the formation of larger multiprotein 
complexes that form on DNA and that influence transcrip- 
tion. 
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The LIM domain of LIM-hd factors has also been 
reported to interact with several classes of other transcrip- 
tion factors (Table 3). The LIM domain of Lmxl has been 
shown to interact with the bHLH factor E47 on the insulin 



gene minienhancer. This interaction is specific, since E47 
does not bind to Isl-1, and results in a synergistic gene 
activation (German et al., 1992; Johnson et al., 1997; Jurata 
and Gill, 1997). In the anterior pituitary, the LIM domain of 



Table 3 

Proteins interacting with LIM domains 



Interacting LIM protein Partner protein Class 



Functional significance 



Refs. 



Enigma 

ENH 
Zyxin 

ACT 

PINCH 
CRP1.2 

CRP3/MLP 



LMK1 
LMO-1, 2 

LMO-2 

LMO-4 
LMX1 

LHX3 

LHX and LMO 



InsR 

RET/PTC2 
PKC-ot, pi, £ 

PKC-PI, y, e 

CRP1-3 
NOC2 

CREM 

CREB 

ILK 

CRP1 

Zyxin 

Zyxin 

MyoD 
Lmol 
Apterous 

Lmkl, 2 
PKC-y, £ 

Tall 

Lyll 
E47 

GATA-1 

GATA-2 
RBP 

DEAF1 

E47 

Pit-1 
Isl-1,2 

CLIM/NLI/ 
Ldb/Chip 



LHX, LMO and LMK1 RLEM 



Insulin receptor 
Receptor tyrosine kinase 
Protein kinase C 

Protein kinase C 

LIM proteins 
Zinc finger protein 

Transcription factor 

Transcription factor 

Integrin-linked kinase 

LIM protein 
LIM protein 

LIM protein 

bHLH transcription factor 
LIM-only protein 
LIM-homeodomain 
transcription factor 

LIM kinase 1, 2 
Protein kinase C 

bHLH transcription factor 

bHLH transcription factor 
bHLH transcription factor 

Zinc finger transcription factor 

Zinc finger transcription factor 
Retinoblastoma-binding protein 

Transcription factor 

bHLH transcription factor 



POU-homeodomain 
transcription factor 
LIM homeodomain 
transcription factors 

Cofactor 



RING zinc finger cofactor 



Interaction mediates CBP- 
independent gene activation 



Might be the substrate of ILK 



Enhances activity of MyoD 



Synergistic induction of T-ALL, 
functional roles in erythropoiesis 



Functional roles in 
erythropoiesis 



Interaction required for 
synergistic gene activation 

Interaction required for 
synergistic gene activation 



Required for biological activity 
of LIM homeodomain factors 



Overexpression inhibits 
functional activity of LIM 
homeodomain factors 



Wu and Gill, 1994 
Wu et al., 1996 
Kuroda et al., 1996 

Kuroda et al., 1996 

Schmeichel and Beckerle, 1994 
Kotake et al., 1997 

Fimia et al M 1999 



Tu et al., 1999 

Feuerstein et al., 1994 
Louis et al., 1997 

Schmeichel and Beckerle, 1994; 
Louis et al., 1997 
Kong et al., 1997 
Arber and Caroni, 1996 



Kuroda et al., 1996 



W adman et al., 1994 



Wadman et al., 1997 



Osada et al., 1995 

Wadman et al., 1997 
Mao et al., 1997 

Sugihara et al., 1998 

German et al., 1992; Jurata and 
Gill, 1997 

Bach et al., 1995; Meier et al., 
1999 

Jurata et al., 1998 



Agulnick et al., 1996; Morcillo 
et al., 1997; Bach et al., 1999; 
Milan and Cohen, 1999; van 
Meyel et al., 1999 

Bach et al., 1999 
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Lhx3/P-Lim can interact with the POU domain transcription 
factor Pit-L This interaction also promotes synergistic gene 
activation events from the promoters/enhancers of several 
pituitary genes (Bach et al., 1995; Meier et al., 1999). 
Furthermore, the LIM domain of Lhx3/P-Lim has also 
been reported to interact with the homeodomain of Isl-1 
(Jurata et al., 1998). 

LIM domains of nuclear LIM proteins have been shown 
not only to interact with transcription factors, but also with 
cofactors that do not bind to DNA. Several laboratories 
reported the cloning of a conserved family of cofactors 
that bind to LIM domains of nuclear LIM proteins, consist- 
ing of CLIM1/Ldb2 and CLDvI2/Ldbl/NLI/Chip (Agulnick 
et al., 1996; Jurata et al., 1996; Bach et al., 1997; Morcillo et 
al., 1997; Visvader et al., 1997). Highest CLEVI1 and -2 
mRNA levels can be detected in regions of specific LIM- 
hd gene expression (Jurata et al., 1996; Bach et al., 1997; 
Visvader et al., 1997; Toyama et al., 1998). The CLIM 
cofactors can homodimerize and form multiprotein 
complexes consisting of LIM homeodomain, LMO, Pitx, 
bHLH and GATA transcription factors (Agulnick et al., 
1996; Jurata et al., 1996, 1998; Bach et al., 1997; Jurata 
and Gill, 1997; Morcillo et al., 1997; Visvader et al., 
1997; Wadman et al., 1997; Breen et al., 1998), suggesting 
that the formations of protein complexes is an important 
feature for CLIM function. 

Recently, another cofactor named RLIM, which is a 
RING H2 zinc finger protein, has been isolated that also 
associates with LIM domains of nuclear LIM proteins. Inter- 
estingly, the expression pattern of RLIM-encoding mRNA 
strongly resembles the pattern of CLIM2/Ldbl/NLI in 
mouse and chicken as determined by in situ hybridization. 
RLIM can interact not only with nuclear LIM domain 
containing proteins, but also with the CLIM cofactors and 
with members of the histone deacetylase compressor 
complex (Bach et al., 1999). 

These results show that LIM proteins interact with a vari- 
ety of proteins in different cellular compartments via their 
LIM domains, and that these interactions are important for 
the biological function of LIM proteins. Thus, LEVI domains 
seem to be adapter molecules promoting the formation of 
protein complexes. Since so many different LIM proteins 
are implicated in various cellular processes, it is plausible 
that still more proteins exist that are recruited into these 
complexes via binding to LIM domains. 

2.6. Regulation of nuclear LIM proteins by associated 
cofactors 

Tissue-specific combinations of transcription factors 
regulate distinct target genes required for the development 
of different tissues. This regulation is thought to rely in part 
on the recruitment of additional proteins into specific multi- 
protein complexes that direct transcription from distinct 
promoter elements. Since many members of the nuclear 
LIM protein families are expressed in an overlapping fash- 



ion, one would imagine that they must rely on strict control 
mechanisms to ensure proper development. However, little 
is known about these mechanisms underlying the regulation 
of activity of nuclear LIM proteins. The isolation of factors 
that bind to LIM domains has started to illuminate this issue. 

The CLIM cofactors are important for the activity of 
LIM-hd proteins (Agulnick et al., 1996; Morcillo et al., 
1997; Breen et al., 1998) and have been implicated in the 
synergistic activation or in an inhibition of target genes, 
depending on the promoter context (Bach et al., 1997; Jurata 
and Gill, 1997). In Drosophila, it has been demonstrated 
that the relative amount of Apterous and CLIM/Chip 
expression is critical for proper wing development (Fernan- 
dez-Funez et al., 1998; Milan et al., 1998; Milan and Cohen, 
1999; van Meyel et al., 1999). The developmental require- 
ment of CLIM molecules in conjunction with LIM-hd 
factors has recently been demonstrated by using domi- 
nant-negative approaches in chick and Drosophila (Bach 
et al., 1999; Milan and Cohen, 1999; van Meyel et al., 
1999). Furthermore, the requirement of CLIM/Chip for 
Apterous activity has been demonstrated in an elegant 
experiment in which the LIM domain of Apterous is 
replaced by the dimerization domain of Chip. This fusion 
protein proved to be equally active as wild-type Apterous 
protein for Drosophila wing development (Milan and 
Cohen, 1999; van Meyel et al., 1999). However, exactly 
how the CLIM molecules exert their functions that lead to 
LIM-hd protein activity is not clear. Several lines of 
evidence suggest that the CLIM cofactor family is also 
important for the functioning of proteins other than LIM- 
hd transcription factors. The CLIM protein family members 
bind to Pitxl/POTX, a transcription factor of the bicoid 
class (Bach et al., 1997) and mutations in Chip, the Droso- 
phila CLIM homologue, display severe segmentation disor- 
ders well before the expression of any known LIM-hd factor 
(Morcillo et al., 1997). 

The involvement of CLIM cofactors in the pathogenesis 
of acute T-cell leukemia is suggested by the observation that 
CLIM proteins are associated with LMO-1 in patients with 
T-ALL (Valge-Archer et al., 1998). It has been shown that 
forced overexpression of CLIM2 in the G1ER proerythro- 
blast cell line keeps these cells in an undifferentiated state, 
preventing their differentiation into erythrocytes (Visvader 
et al., 1997). Furthermore, it has been proposed that the 
abnormally high levels of LMO-1 or -2 in T-cell leukemia 
patients displaces LMO-4 from its complex with CLIM 
cofactors and that this displacement influences T-cell differ- 
entiation prior to T-cell tumor occurrence (Grutz et al., 
1998). 

The RING zinc finger protein, RLIM, is another cofactor 
that has been identified by its ability to interact with nuclear 
LIM domains. RLIM inhibits not only the transcriptional 
activity of P-Lim/Lhx3 in transient cotransfections, but all 
of the previously observed synergistic activations of Lhx3/ 
P-Lim with other transcription factor families. This tran- 
scriptional inhibition seems to be mediated by the recruit- 
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ment of the Sin3A/histone deacetylase repressor complex. 
The overexpression of RUM in chicken wings results in 
phenotypes that resemble specific inhibition of LIM-hd 
proteins during development. Combined, these data show 
that RLIM inhibits functional activity of LIM-hd factors. 
However, because of an CLIM-RLIM interaction indepen- 
dent of the involvement of LIM domains, it is unclear 
whether RLIM inhibits LIM-hd factors directly or indirectly 
via the CLIM cofactors, or both (Bach et al. } 1999). 

The CLIM cofactors, as well as RLIM, also interact with 
nuclear LMO proteins in vivo. An interesting model has 
been presented of how the activity of LIM-hd factors can 
be inhibited by the overexpression of LMO proteins. This is 
done by competing the CLIM cofactors away from their 
LIM-hd protein partners. In this context, it has been 
shown that a tetramer consisting of two Apterous and 
Chip molecules can be regulated by dLMO proteins 
(Milan et al., 1998; Zeng et al., 1998; Milan and Cohen, 
1999; van Meyel et al., 1999). This scenario requires the 
CLEM-LIM-hd factor interaction for proper developmental 
activity with CLIM molecules being present in hmiting 
amounts. These and previous results suggest that the 
RLIM and CLIM cofactors as well as LMO proteins should 
be able to strongly contribute to the duration, intensity and 
specificity of the LIM-hd factor-conferred activation of the 
genes which in fine will determine the growth and differen- 
tiation properties of cell types. 

Taken together, biochemical and genetic data place the 
CLIM cofactor family in a central position for the exertion 
of the developmental program mediated by LIM-hd tran- 
scription factors. Further evidence suggests that the CLIM 
cofactors play important roles not only in the LMO class of 
nuclear LIM proteins, but also in the activity of other tran- 
scription factors. Thus, the identification of CLIM and RLIM 
cofactors and LMO proteins demonstrates that in vertebrates, 
where LIM-hd factors are often expressed in a temporally 
and spatially overlapping fashion, regulation of LIM homeo- 
box factor activity underlies a complex regulatory mode. 



3. Conclusions 

It seems clear that the protein-protein interactions 
mediated by the LIM domain are crucial components for 
the execution and combinatorial regulation of at least 
some of the cellular processes controlled by LIM proteins. 
Thus, LIM domains can be regarded as scaffolds for the 
formation of higher order complexes. This basic theme of 
forming multiprotein complexes held together by LIM 
domains seems to be applied in nature for a variety of func- 
tional contexts and is crucial for the proper function of 
several independent regulatory pathways. Undoubtedly, 
the identification/characterization of more LIM domain 
proteins and the further deciphering of the regulatory path- 
ways in which these proteins are involved will continue to 
illuminate new and exciting basic biological mechanisms. 
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The tissue polarity mutants in Drosophila include a set of conserved gene products that appear to be involved 
in the control of cyto skeletal architecture. Here we show that the tissue polarity gene prickle [pk) encodes a 
protein with a triple LIM domain and a novel domain that is present in human, murine, and Caenorhabditis 
elegans homologs which we designate PET. Three transcripts have been identified, pk, pkM, and sple, 
encoding 93-, 100-, and 129-kD conceptual proteins, respectively. The three transcripts span 70 kb and share 6 
exons that contain the conserved domains. The pk and sple transcripts are expressed with similar 
tissue-specific patterns but have qualitatively different activities. The phenotypes of pk mutants, and 
transgenic flies in which the different isoforms are overexpressed show that the balance between Pk and Sple 
is critical for the specification of planar polarity. In addition, these phenotypes suggest a tessellation model in 
which the alignment of wing hairs is dependent on cell shape and need not reflect fine-grained positional 
information. Lack of both pk and sple transcripts gives a phenotype affecting the whole body surface that is 
similar to those of dishevelled and frizzled [fz] suggesting a functional relationship between pk and fz 
signaling. 
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The Drosophila "tissue polarity" genes control the ori- 
entation of bristles and hairs in the adult cuticle (Gubb 
and Garcia-Bellido 1982; Adler et al. 1990; Adler 1992). 
Mutant flies have the polarity of cells altered in the 
plane of the epithelium without gross changes in the 
overall shape of imaginal structures or the distribution of 
differentiated cell types within them. Other tissue polar- 
ity defects include mirror-image duplications of the tar- 
sal joints (Held et al. 1986), rotations of bristle sockets in 
the leg (Gubb and Garcia-Bellido 1982), and changes in 
ommatidial polarity (Gubb 1993, 1998; Theisen et al. 
1994; Zheng et al. 1995). 

There is evidence that these planar polarity pheno- 
types involve the organisation of the cytoskeleton. For 
example, localization of the actin fibers that form the 
prehair is the first observable manifestation of polarity in 
the pupal wing. Multiple wing hairs are seen in many of 
the tissue polarity mutants (Gubb and Garcia-Bellido 
1982; Wong and Adler 1993) and result from formation of 
more than one prehair per cell (Wong and Adler 1993). 
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Furthermore, genes identified in other organisms as hav- 
ing major roles in cytoskeletal reorganization, for ex- 
ample, Rac, RhoA, and Cdc42, have been shown to have 
a role in Drosophila planar polarity (Harden et al. 1995; 
Eaton et al. 1996; Strutt et al. 1997). 

The tissue polarity genes have been divided into three 
groups (Wong and Adler 1993). Type 1 genes [dishevelled 
(dsh), frizzled [fz], and prickle (pic)], affect the whole body 
surface and are therefore believed to directly establish 
tissue polarity (Shulman et al. 1998). In contrast, the 
type 2 [inturned [in] and fuzzy {fy} and type 3 [multiple 
wing hairs (rawi)] genes affect distinct subsets of body 
areas and are thought to interpret the polarity estab- 
lished by the type 1 genes. A number of tissue polarity 
genes have been cloned [fz (Vinson et al. 1989); in (Park 
et al. 1996); fy (Collier and Gubb 1998), and strabismus 
[stbm-, Wolff and Rubin 1998)] and some of these have 
been shown to have important roles in signal transduc- 
tion at many points in development. The family of fz 
homologs are thought to be involved in reception of the 
Wingless (Wg) signal (Bhanot et al. 1996; Orsulic and 
Peifer 1996; Cadigan et al. 1997); whereas Dsh acts as an 
intracellular protein affecting both the Wg and Notch (N) 
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pathways (Klingensmith et al. 1994; Thiesen et al. 1994; 
Axelrod et al. 1996, 1998) 

In this paper we describe the molecular organization of 
the tissue polarity gene pk. Loss-of-function lesions in 
alternatively spliced transcripts of this one locus result 
in two genetically distinct phenotypes, Pk and Spiny- 
legs (Sple). The pk and sple transcripts encode proteins 
that contain three LIM motifs and a novel conserved 
domain that we have called PET (Prickle Espinas Testin). 
Surprisingly, deletion of the entire gene gives a pheno- 
type that is much weaker than that of either the pk or 
sple single mutants. This unusual result can be ex- 
plained by the pk and sple gene products acting in con- 
cert. The single-mutant phenotypes result from misacti- 
vation, rather than simply blocking, of a pathway of po- 
larity formation. We propose that the correct balance of 
the Pk and Sple variants is required for normal planar 
polarity signaling in Drosophila imaginal discs. 

Results 

Phenotypic analysis of pk and sple 

To undertake a thorough analysis of the pk locus we 
used a variety of genetic strategies to isolate new alleles. 
These alleles can be divided into three phenotypic 
classes, Pk, Pk-Sple, and Sple (Table 1 ; Figs. 1 and 2). 
None of these classes show any embryonic phenotype 
(even when homozygous mutant embryos develop from 
homozygous mutant mothers). Consistent with this lack 
of either a zygotic or maternal requirement, deletions of 
the pk gene are fully viable and fertile. The defects of 
double mutant, pk pk ~ spl& , alleles are the same as those 
seen with overlapping deletions that remove the entire 
gene and eliminate all pk functions. Paradoxically, these 
pfcpk-spie a n e i es do not produce the most severe pheno- 
types. Instead the single mutant alleles pk pk and pk sple 
give more extreme phenotypes, but in reciprocal regions 
of the body; pk pk in the wing and notum and pk spJtl in the 
legs, abdomen, and eyes. Complementation between 
these classes of allele indicates two subtly different func- 
tions at the pk locus. 

The duplicated wing hair phenotype typical of most 
type 1 tissue polarity mutants (Gubb and Garcia-Bellido 
1982; Wong and Adler 1993) also af f ects pk pk alleles, but 
only 2%-3% of cells show doubled hairs. Where the po- 
larity vectors are changing sharply, however, cells fre- 
quently show doubled hairs (Figs. 2E and 3G). After the 
last cell division in the pupal wing, the cy to skeleton is 
reorganized. Cells become hexagonal, and prehairs grow 
out from the distal vertex of each cell (for review, see 
Eaton 1997). It is not possible, however, to fill an irregu- 
lar shape such as the wing blade with a perfect hexagonal 
array of cells, and occasional defects, such as a distorted 
four-pentagon array, are seen (Fig. 3C). The relationship 
between hair orientation and the cell shape, implied by 
the localization of prehair initiation sites, is confirmed 
by the doubled hairs near stacking flaws (Figs. 2E and 3G) 
and the lack of regular hexagonal packing in the vicinity 
of the anterior whorl (Fig. 3B). 



Molecular organization of the pk locus 

The breakpoints of pic-associated mutations map across 
70 kb (Fig. 4; Table 1). Single-mutant pk pk alleles carry 
lesions within the proximal 30 kb, whereas pk pk ~ spla 
double-mutant alleles map between 42 and 69 kb and 
none of the pk spl ° single mutations have been localized. 
Two putative pk transcripts were detected as weak bands 
of -4.2 and 5.1 kb in embryos and 2-day pupae on devel- 
opmental Northern blots (Fig. 5). The shorter transcript 
corresponds to pk and the larger to sple (Fig. 5). The 5' 
end of pk hybridizes to the region of the pk pk breakpoints 
and is separated by a large intron from the remaining 6 
exons (Fig. 4). The 5' end of sple is within the large pk 
intron. An additional medial transcript, pkM, is only de- 
tected in embryonic stages (Fig. 5B). The identity of the 
pk and sple transcripts was confirmed by rescue experi- 
ments (Figs. 7 and 8, below). 

The molecular analysis therefore identifies three dif- 
ferent transcripts from the pk locus. The relationship 
between these transcripts and the different classes of le- 
sion associated with mutant alleles explains the three 
classes of mutant alleles at the pk locus. Breakpoints 
that interrupt the common exons cause pkP k - s P Jel muta- 
tions equivalent to deletions of the entire locus. pk pk 
mutations map to the proximal region and interrupt the 
5' region of the pic transcript. ThepicM transcript appears 
to have no adult function, as the In(2LR)pk pk2 ° break- 
point is 3' to the pkM 5' exon (Table 1) but gives a simi- 
lar phenotype to other pk pk alleles. 

pk encodes a LIM domain protein 

The second to seventh exons of pk are common to the 
three transcripts (Fig. 4). These common exons encode a 
peptide sequence containing three LIM domains, but no 
recognized DNA binding, membrane spanning, or signal 
peptide motifs (Table 2). LIM domains are cysteine-rich 
sequences with a double zinc finger motif (for review, see 
Sanchez-Garcia and Rabbitts 1994; Dawid et al. 1998). 
Four closely related LIM domain sequences were found 
by database searches; one murine {Testin, Divecha and 
Charleston 1995), one human (LM06, Fisher et al. 1997), 
and two Caenorhabditis elegans. An additional pk cog- 
nate gene in Drosophila, espinas [esn], maps just proxi- 
mal to the 43A1.2 Serpin cluster (C. Green and D. Gubb, 
unpubl.). Comparison of these sequences (Table 3) iden- 
tifies a novel conserved PET domain, 5' to the LIM do- 
mains. Two further incomplete sequences with PET do- 
main homology were identified by database searches, a 
human EST and a C. elegans ORF. The PET domain is 
unrelated to other sequence motifs in the protein data- 
base and encodes a neutral stretch of amino acids with 
no obvious distinguishing features. Database searches 
failed to identify any sequences with significant homol- 
ogy to peptides encoded by the unique 5' pk, pkM, or sple 
exons (Table 2). 

Expression patterns of pk transcripts 

The expression patterns of thepA transcripts were inves- 



2316 GENES &. DEVELOPMENT 



Downloaded from www.genesdev.org on December 18, 2007 - Published by Cold Spring Harbor Laboratory Press 



The pk gene 



Table 1. Molecular and cytological breakpoints of pk mutations and deficiencies 
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The molecular breakpoints are given with respect to the E, S, B, X, and H {EcoRI, Sail, Sail, BaniHL, Xhol, and HindHI) sites within the 
phage walk, e.g., 14.7 E, 66.2 X being the EcoRI and.XftoI sites that are 14.7 and 66.2 kb distal to the origin (Fig. 3). Mutagens were EMS, 
X-rays (X), P-element (P), 7-rays (y), or spontaneous (S). Allele numbers in boldface type were isolated in this study. Four of the six 
X-ray-induced pk pk alleles and 1 1 of the 21 pkP k ~ s P }e alleles are associated with a cytologically visible chromosomal breakpoint affect 
the 43A1.2 doublet band, all of the pk splB alleles are cytologically wild type. The pk sple3 chromosome carries a small insertion between 
34 and 36 kb not present in other chromosomes analyzed, but the progenitor chromosome of pk sp7e3 was not available so the 
relationship between this insertion and the mutant phenotype remains equivocal. Nine of the mutant chromosomes carry an asso- 
ciated mutation in the necrotic [nee] gene. 

tigated on developmental Northern blots and by tissue in pression of the three transcripts were indistinguishable, 
situs using probes to the common exons and the unique with the exception that the pkM transcript was only de- 
5' exons. Both the temporal and spatial patterns of ex- tected during the embryonic stages. In 28- to 34-hr pupal 
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Figure 1. Pk mutant phenotypes. Complete lack of Pk function, in pkP k - s P }£ alleles, gives a weak polarity phenotype in the wing, 
notum, abdomen, eye, and legs. pk pk alleles cause an extreme polarity phenotype in the wing and notum ; pk spla alleles affect eye, 
abdomen, and leg. Hie pk pk wing phenotype shows a characteristic reversal in the triple-row bristles along the anterior margin, a whorl 
in the wing hairs near the tip of vein 2, and abrupt discontinuities in hair polarity, e.g., pk pkl {A). The weak pk 1 '* - ^ 6 phenotype shows 
a slight effect on triple-row bristle orientation and gives gently curved hair polarity vectors, e.g., pkP k - s P 2a13 (jg). S pJ e alleles are 
completely wild type, e.g., pk splal (C). Arrows indicate the direction along which hairs are aligned; wing veins are designated 1-5 (C). 
The eye phenotype is wild-type in pk pkl (D), showing a line of mirror symmetry along the equator (line). On both sides of the equator 
the R3 photoreceptor cell is aligned towards the pole, in the direction of the arrowhead. In addition to being rotated through 180° 
ommatidia show reversed chirality around the equator, so that both a rotation and a reflection in the plane of the epithelium is required 
to superimpose the ommatidial patterns. (£) pk splel eyes contain a mixture of ommatidia with reversed polarity and chirality in both 
hemispheres of the eye. These ommatidia remain aligned along the polar axis, but with their R3 photoreceptors directed toward the 
equator rather than the pole giving rise to D/V mirror-image reversals of the normal rhabdomere pattern. In addition, all the pk spla 
alleles show out -1% anteroposterior (A/P) reversed ommatidia (not shown). (P) pb^-sp 7 * 13 eyes contain a mixture of chiral forms of 
ommatidia. Some ommatidia fail to rotate properly, and the resulting imperfections in the hexagonal stacking give a slightly rough eye 
phenotype. Some ommatidia are aligned at 60° to the equator (black arrows) and some show A/P reversals (white arrows), with the R3 
rhabdomere anterior to R4. (G) The tarsi oipk pkl are wild type ; tarsal segments are numbered T1-T5. (H) In pk p *-* plB,3 / the T3 and T4 
segments carry medial duplications of the proximal and distal joint structures, with the middle of each segment deleted. This results 
in alternating reversed-proximal and reversed-distal tarsal joint structures with half the length of a normal segment. (J) In pk splcl the 
tarsal duplications affect T2, T3, and T4 segments, with an occasional incipient ectopic joint in the distal Tl. The distal T5 segment 
remains unaffected in all mutant alleles. 



wings, pk and sple transcripts are expressed uniformly in 
intervein cells but leave the presumptive vein regions 
unstained (Fig. 6A,B). At the same stage in the pupal legs 
pk and sple transcripts are expressed in a similar pattern, 
uniform in most cells, but excluded from the segmental 
boundaries (Fig. 6C,D). In third larval instar imaginal 
discs, a low level of pk transcripts can be detected in 
restricted domains that correlate with the places where 
pk is required. In the eye disc, maximal expression is 
detected in a stripe of cells behind the morphogenetic 
furrow (in the region where ommatidial organization and 
polarity is being specified) (Fig. 6Gj. In wing discs, pk 
transcripts are expressed at higher levels along the dor- 
soventral (D/V) compartment boundary, where the 
bristles of the wing margin will form (Fig. 6F). In the 
embryo, pk probes show a dynamic expression pattern in 



cells engaged in morphogenetic movements, such as in- 
vaginating mid-line cells, in the cephalic fold, and at 
parasegmental boundaries (Fig. 6H,I). 

Functional relationships between Pk and Sple proteins 

To investigate the functional relationship between the 
Pk and Sple protein variants, mutant combinations that 
alter the ratio of the pk and sple transcripts were gener- 
ated. The strongest phenotypes result from lack of either 
one of these two transcripts in homozygous mutants. 
When the single mutant alleles are combined with 
pfcpk-spie aggies or deficiencies, the resulting phenotypes 
are weaker than the corresponding homozygous single 
mutant phenotypes. Thus, flies that carry only a sin- 
gle functional copy of the sple transcript [Df(2R)pk-30/ 
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Figure 2. Comparison of wing polarity pat- 
terns between different alleles oipk pk . Junction 
of vein 1 and 2 at anterior margin in pk pkl [A], 
Df(2R )pk-30 (£], Df(2R)nap-2/Df(2R )sple-J2 
(C), and wild type \D). In pk pk mutant wings, 
the whorl close to the junction of vein 2 with 
the wing margin marks a discontinuity in po- 
larity, or stacking flaw. Stacking flaws with dif- 
ferent topologies are found in different regions 
of the wing. [E] Df(2R)pk-30, a cruciform dis- 
continuity posterior to vein 5; note doubled 
hairs. [F] Df(2R)pk-30, radial and cruciform dis- 
continuities (arrows) between veins 2 and 3. (G) 
Overlapping pk pk deletions, Df(2R)nap-2/ 
Df(2R)sple-J2. Note triangular dislocation in 
polarity (arrow) distal to the posterior cross 
vein as in pk pkl (Fig. 1A). (H) Overlapping 
p^pk-spu deletions removing the entire gene 
Df(2R)pk-N5/Df(2R)sple-J2 (cf. the p k pk - sp}&73 
pattern; Fig. IB). Embryonic denticle belt in 
wild type (7) and p k pk ~ sp1 ^ 3 (/]. There is no de- 
tectable embryonic phenotype with alleles of 
pk pk f pk sple , or pk pk ~ sple i in particular, the den- 
ticle belt morphology and denticle orientation 
remains normal. 



pkp*sptei3] or the pk transcri p t [pk** 1 * 1 /pk pk - sp3et13 ), 
show an intermediate phenotype more similar to 
pk pk- sp iei3 trian tne sin gi e mutant (Fig. 7). These results 
imply that the presence of one transcript without the 
other (as in pk pk or pk sp]G single mutants) creates an ex- 
treme phenotype that is corrected when the dose of the 
remaining transcript is reduced. The implication is that 
both the relative and absolute levels of the Pk and Sple 



proteins are important for the function of putative Pk- 
Sple homomeric or heteromeric protein complexes. 

The importance of the levels of Pk and Sple expression 
and the balance between them was investigated further 
with overexpression constructs. When driven by the ex- 
pression of the uniform drivers gal4-da [daughterless] or 
gal4-C765, ¥[UAS:pk*] gives an extreme tarsal duplica- 
tion phenotype, including a duplicated socket structure 




Figure 3. Cell shapes and polarity. The m 38c muta- 
tion was used to visualize cell boundaries in both 
wild- type and Df(2R)pk-30 backgrounds. In m 38c 
wings the majority of cells are hexagonal, although 
occasional pentagonal cells are seen. [A] Distal vein 
2 region in m 38c wings. [B] The same region in m 3Sc ; 
Df(2R)pk-30 wings, with more irregular cell shapes. 
(C) A common packing defect consisting of a group 
of four irregular pentagons with one 90° corner fitted 
within the surrounding hexagonal array. (D) The re- 
gion posterior to vein 5 in m 38c ' shows a regular hex- 
agonal array, although cells close to the vein tend to 
be trapezoidal or square. Wing hairs are aligned 
along the proximodistal axis. (E) The same region in 
m 38c ; Df(2R)pk-30 wings shows parallel rows of 
hexagons with hairs oriented anteriorly. (F) A small 
region between veins 3 and 4 in i72 3Sc wings shows 
cuboidal cells, with local polarity disruptions near 
the transition between cuboidal and hexagonal 
packing. (G) Cells near the anterior whorl in m 3Sc } 
Df(2R)pk-30 wings tend to be roughly cuboidal and 
associated with duplicated hairs. (H) Hairs fail to 
migrate from the distal vertex of pupal wing cells in 
en-UAS:pk flies [gal4-en } V[UAS:pk + \Y This s.e.m. 
micrograph of adult wings shows hairs remaining at 
the distal vertex; the pedicel in the middle of the 
mature cell (arrow) marks the position that the adult 
hair would normally occupy. 
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Figure 4. [A] Map showing the location of 
pk mutant breakpoints with respect to 
transcripts in the region. The zero coordi- 
nate is the £coRI site 973 bp proximal to 
the pk transcription start site. Transcripts 
are indicated below the molecular coordi- 
nates. The 5' start of the pk transcript lies 
within a cluster of three serpins (serine 
Proteinase inhibitors) {Spn43Aa f Spn43Ab f 
and Spn43Ac), one of which corresponds to 
the necrotic gene, and a transcript with ho- 
mology to Adenosine kinases maps just 
distal to pk. Aberrations that break be- 
tween coordinates 0 and 30 kb cause pk 
mutations, similar to the homozygous de- 
letion Df(2R)pk-30, which deletes the pic 5' 
start and the 3' end of the medial serpin 
transcript Spn43Ab. Aberrations between 
coordinates 40 and 70 kb, which interrupt 
the common exons, give the weaker Pk pk ~ 
spj e phenotype typical of pJc pJc-sp7eJ3 . Over- 
lapping deletions give an additional ne- 
crotic phenotype when the serpin cluster is 
removed, but deletion of the adenosine ki- 
nase transcript [Df(2R)sple-J2/Df(2R)pk- 
N5] gives no further phenotype. [B] The Pk 
protein isoforms encode putative 870 {pk), 
936 [pkM], and 1206 {sple} amino acid pep- 
tides with the conserved PET and LIM do- 

mains mapping entirely within the com- 
mon exons. The first pk exon contains an untranslated leader sequence of 0.8 kb, with the putative translation start site (Cavener and 
Ray 1991) being 39 bp 5' to the large intron. The putative translation start sites of the pkM and sple transcripts are within their first 
and second introns, respectively. 
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in the proximal Tl segment. Overexpression of 
UAS:sple + with these drivers gives a Pk phenotype in the 
wing triple row bristles; the tarsi, however, remain com- 
pletely wild type (Fig. 8). These results confirm that 
overexpression of pk gives a phenotype analogous to lack 



of the sple transcript, whereas overexpression of sple 
gives a phenotype similar to lack of pic. The da-UAS:pk + 
and da-UAS:sple + wing phenotypes show an unexpected 
feature that is not seen in mutant alleles. Instead of uni- 
form polarity patterns, swirls are seen in the wing hair 
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Figure 5. Northern analysis. A probe ho- 
mologous to sple 5' sequences detects a 5.1- 
kb mRNA, but this band is no longer de- 
tected, or has an altered length, in the sple 
mutants. A shorter, 4.2-kb transcript is miss- 
ing in pk pk mutants. Both 5.1- and 4.2-kb 
transcripts are detected by a common exon 
probe in wild-type RNA, and neither are de- 
tected in pk 1 '*-* 1 ' 1 * mutant strains. {A) Total 
2-day pupal RNA from homozygous wild-type 
{+) and mutant flies [pk pkl , pk pk29 , Df(2R)pk- 
30, pk?*-*** 1613 , pk' at -* p3ml4 l pk splcl , pk splaS , 

pk s P l^ t pk sple27 f pk sple3* t p^pl^ hybridized 

with a 3' common exon probe (3'), an Rp49 
loading control (Rp49) and a unique sple exon 
probe (5'). The 4.2-kb transcript is missing in 
pk pk and pk?*- 3 ^ alleles but retained in pk sple 
alleles. The 5.1-kb transcript is present in 
pk pkl , pk pk29 and Df(2R)pk-30 } missing in pk- 
1 >k- sp ici3 / pkP k- sp iei4 ^ lQStf Qr re d U ced in length, in pk sp1 * 3 , pk sple4 , pk splti27 , and pk sple36 . [B] Three strips cut from a filter carrying 
wild- type embryonic (EJ and 2-day pupal (P2) poly(A) + RNA at the same sample loading. Individual strips were hybridized with pk 
5' +Rp49 [1], pkM 5' (2), and sple 5' (3) probes. The pk and sple transcripts are expressed in embryo and 2-day pupae. The pkM 
transcript was only detected during the embryonic stage. 
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Table 2. The translated amino acid sequence 
of the alternative 5' and common exons 

pk 5' 

MDTPNQMPVELER 
pkMS' 

MNDSTDNLHADCDGRVSNNNNGNSbmsTDGPNNDGD 
SDEEVIEGMALLEGNYQVLRQWVPPAPNYWDAPPKAn 
KSAEVR ■ 

sple 5 ' 

MSSLSTGGGAGGSSGGPGGADAAAAPAAGQATVTATG 
NMEPAMVPRTANLLACKQWWRVCFLYGDQQKYYRQ 
LYSKAAAQRLADANQEPDNARDREYDTVDCDLIAGQ 
LDAVEDADDGIDLGDHSSTPKGGATTAGRPLFPHSSSP 
RRSKKLLRSLRAHVRGEKLPKNDTTTANVSNEVTQRN 
ARVTALDDPFLFGIDADHLGDLWRGKRYSTLDATEN 
MARFYAEQEATAQVLEnEQEEESPEQEAPKPALPPKQKQ 
QRPVPPLPPPPANnRVTQDPGTQPAAPQVPLQPLTAGDL 
QFLNLSLRQRSLPRSMKPFKDAHDISFTFNELDTSAEPEV 
ATGAAQQESNE 

Common exons 

PISRTPLTQISYLQKIPTLPRHFSPSGQGLATPPALGSGGMG 
LPSSSSASALYAAQAAAGILPTSPLPLQRHQQYLPPHHQ 
QHPGAGMGPGPGSGAAAGPPLGPQYSPGCSANPKYS 
NAQLPPPPHHHHQLSPALSTPSPPSLLHHPAGGTSSASA 
HAPFLGGPHMDMQRQSHSDDDSGCALEEYTWVPPGL 
BIPDQVRLYFSQIPDDKVPYVNSPGEQYRVRQLLHQLPP 
HDNEVRYCHS LTDEERKELRLFS TQRKRD ALGRGNVR 
QLMS ARPCDGCDDLISTGDLAVFATRLGPNASWF3PAC 
FACSVCRELLVDLIYFHRDGRMYCGRHHAETLKPRCSA 
CDEHLADECTEAEGRAWHMNHFGCHECDKQLGGQR 
YIMREGKPYCLHCFDAMFGEYCDYCGEGIGVDQGQM 
SHDGQHWHATDECFS CNTCRCSLLGRAFLPRRGGTYC 
SIACSKGEPPTPSDSSGTGMYTTPTPPTQGVRPHPQAPL 
PARIPSSHASSSPPMSPQQQQQHQATFNQAMYQMQSQ 
QMEAAGGLVDQSKSYAASDSDAGWKDLEHGGHMG 
GGDLTDFSGGRASSTSQNLSPLNSPGDFQPHFLPKPME 
LQRQLLENPHTASMPELAGKLVAPPAHMQHLSQLHAV 
SSHQFQQHEYADIVHPPPPPPGEIPELPTPNLSVASTALP 
PELMGSPTHSAGDRSLNTPMS TQSASHAPPHPVSILSG 
ASSSSPMSGEPAKKKGVRBEGIPDTLPDHAATPVTERER 
VVAARGSGIGTRETRREEVAMVTVTPREGEDVASPPPA 
RRTIAAAAVIAJPTRPLERTPMHLRNPILVLPGSTFGSAG 
CQPGPRVTQPTAEGTGARAGTQGVRGV 



orientation with different patterns from wing to wing 
(Hg. 8). 

In addition to phenotypes resembling loss of function, 
misexpression of pk in engrailed (en)-UAS:pk+ flies 
blocks the migration of wing hairs from the distal vertex 
of wing cells to the central position (Fig. 3H). 



The relationship of pk to dsh 

Deletion of the entire pk gene gives a phenotype over the 
whole body surface that is similar to dsh and fz. To test 
whether these mutants affect the same signaling path- 
way, double mutant combinations were made. Double 
mutants of pk pk and dsh in the triple row give a Dsh 
phenotype, suggesting that dsh is epistatic to pk pk (Fig. 



The pk gene 

9). The situation within the wing blade is less clear, as 
the double mutants give an intermediate phenotype. The 
dsh; pk sple double mutant retains a Dsh phenotype in the 
triple row, but the wing hair pattern is altered (Fig. 9), 
despite the fact that pk spla alleles have no wing pheno- 
type. In the leg the Dsh tarsal phenotype is not modified 
by pk pk . There is a synergistic interaction between dsh 
and pk splc , with the double mutant giving a more ex- 
treme mirror-image transformation of the Tl segment 
than either of the single mutants. This extreme transfor- 
mation is also seen with UAS:pk + overexpression and in 
fz (Figs. 8 and 9). 

Clones of fz show a directional nonautonomy that has 
been interpreted to mean that fz mediates the intercel- 
lular communication of a polarity signal (Vinson and Ad- 
ler 1987). On the other hand, dsh is strictly cell autono- 
mous in clones (Theisen et al. 1994), implying that it is 
involved in signal reception. To investigate whether pk 
participates in both reception and transmission of a po- 
larity signal we studied pk pk clones in the wing. Large 
clones in the wing express the mutant polarity typical of 
that region of the wing in homozygous flies. There is an 
occasional nonautonomous disruption of polarity in 
wild- type cells adjacent to the proximal or lateral mar- 
gins of a pk pk clone (12 cases in 150 clones induced at 
48-72 hr after egg laying). In these cases, a short range 
perturbation aligns wild-type cells with the mutant po- 
larity pattern (Fig. 9). There is no clear pattern to the 
position of such clones, but small peninsulas of pwn + 
tissue surrounded by pk pk pwn tissue tend to adopt the 
mutant polarity pattern. Smaller clones, induced later 
than 72-96 hr, did not alter the polarity of adjacent pawn 
(pwn*} tissue. 

In contrast to the autonomous behavior of pk, clones 
of fz tricornered [trc] cause long-range domineering non- 
autonomy both distal (as reported by Vinson and Adler 
1987) and lateral to the clone. Wild- type hairs are ori- 
ented toward the clone as though it is acting as a polarity 
'sink' (Fig. 9). Proximal cells are also directed toward the 
fz trc clone, but as this is the normal orientation for wing 
cells no polarity changes would be expected. 

Discussion 

Genetic structure of pk and activity 
of the different transcripts 

The pk gene encodes three transcripts {pk, sple, and pkM) 
that differ in their 5' exons (Figs. 4 and 6). That these 
transcripts have qualitatively different activities in 
transgenic constructs, together with the intermediate 
phenotypes of mutant combinations that titrate the 
number of doses of pk and sple, suggests that the Pk and 
Sple products are required in stoichiometric ratios. Al- 
though pk pk and pk splti mutants affect reciprocal regions 
of the body, their transcripts are expressed with a similar 
distribution in wing, leg, and eye discs. This implies a 
function for both transcripts in all tissues that is not 
obvious from the mutant phenotypes. In overexpression 
constructs [pk + ] gives a Sple phenotype in the tarsi, 
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Table 3. Alignment of amino acid sequence of PET and LIM domains within the pk family 

pk toQRqShSDDDSGCALEEYtWPPGLrPdQTOlYfSQiPdDKWYWSPGEqYRvrQI^QLPPHDl^ 

esn Df QRnSqSDDDSGC ALEE Y tWVPPGLr PdQ VRl Y f SQLPdDKVP YVNS PGEKYRvKQLLHQLPPqDNE 

Human LM06 D f QRhS i SDDDSGCAs EE Ya WVPPGLk PeQ VyQ f f S c LPEDKVP YVNSPGEKYRiKQIjLHQLP PHDs E 

Mouse Tes tin il tnpvaakknvsintvtYeWaPPvQnqalarQYMqn^PkeKqPvagSeGaqYRkKQLakQLPaHDqd 

C. el bo496.8 ssdseSerggsnnkenvqYaWa*PlpdknlVsrYMkalPEDerPlVgSkGeqnRksrLqf QLPlyDcn 

C. el zk381.7 Dahi^StSDDDSGCALDEYaV^sGLkPranVhaYMacLPEiiKVPf igSaGEKwRqrQsryQLPRqDsd 

Human h90439 ************** * g lsngqviymlsvlQVhQYyScLPEeKVPYVNSPGEKlRiKQLLHQLPPHDNE 

C. el f25h5.1 enmRgdplmirfmhkagef f rktknnwlidVeeYMSQLPnnvVPrtNSnGEKlReKQLLlQLPrqDls 



PET Domaxn 



pk 
esn 

Human LM06 
Mouse Tes tin 
C. el bo496.8 
C. el zk3 81.7 
Human h90439 
C. el f25h5.1 



VRYCHSLt*dEERKELRlFStQRKRdALGRGnVRqlmsa* *************************** 
VRYCHSLs *dEERKELRiFSaQRKREALGRGaVRllsde* *************************** 
aqYC t aLe * eEEkKELRaFSqQRKREnLGRGiVRiFpvt i tg* ************************* 
pskCHeLs*pkEvKEmeqFvkkyKsEAI^vGdVk* 

Vedar f * veekdvKtLqjiFvenvrnnviGvGrVveigkdsdnygdnentne f eksmtaalkglkiget 
VRYCedLn * aEEad tLRmFer t RKtEcLGsGvVqyap f dtkc ekvs i f hq 
VRYCnSLd*eEEkrELklFSsqRKREnLGRGnVRpFpvtmtgaqsa 

VaYCrhLtSqtERKvyeeFvnaRneiALdiGyVssninka* ************************** 



pk * * * * rpCdgCddlis tGDIAVFAtRLGpnasWHPACFaCSVCrELLVDLIYFhrDGrmYCGRHHAE 

esn * * * * r pCkgCeepls gGDI WFAqRLGaql cWHPgCFvC SVCkELLVDLI YFqrDGnl YCGRHHAE 

Human LM06 * * * * asCeeCgkqiggGDTAVFAsRaG IgacWHPqCFvC t VCqELLVDLI YFyhvGKv YCGRHHAE 

Mous e Te s tin kkt qysCy cCkh t tneGepAiyAeRaGydkl WHPACF iCS tCgELLVDml YFwknGKl YCGRHyc d 

C. el bo496.8 kigetdCkdtoernmetGdigvechhhsttdtyHPnCFrCetCrqlLVI^IYFfykraKyYCGRHyAd 

C . el f 2 5h5 .1 * * * *meChkCsgi le tnemAViApkLGds t gWEPACF t C qaCe qLLVDL t Yc vkDnqi YC eRHyAE 



LIM 1 
Domain 



pk 1 1KPRCSACDEI I ladECTEAEGRaWHMnHFgChECDKqLGGQRYIMRegKPYCLhC f dam 

esn tqKPRCSACDEI XF S dEC TEAEGR tWHMkHFgChECDKqLGGQR YIMRegKP YCLaC f d tm 

Human LM06 clr PRCqACDE 1 1 F Sp EC TEAEGRhWHMdHFCC f ECeas LGGQRYvMRqs r PhCc aCYear 

Mouse Tes tin seKPRCagCDElIFSnEyTqAEnqnWHlkHFCCf dCDhiLaGkiYvMvtdKPVCkpCYvkn 

C. el bo496.8 qlyPRCagCDElIFanEyTf AEeksWHf dHFaCykCDf klGGsRYmtRdenPf CLdCylkh 

C. el f25h5.1 lhKPRCSACDElIFagEyTkAnuikdWHsdHFCCwqCDqtljtGQRYIMRdeqPYCikCYedv 



LIM 2 
Domain 



LIM 3 
Domain 



pk FgEYCDyCGEGIGvDQGQMShdGQHWHATDeCFsCntCrcSLLGraFLPRRGglyCSiACSkGe 
esn FAEYCDyCGEvIGvDQGQMShdGQHWHATDqCFsCc tCrcSLLGrpFLPRRGt IyCSiACSkGe 

Human LM06 hAEYCDgCGEhlGlDQGQMaYeGQHWHASDrCFcCSrCgraLLGprFLPRRGlIFCSrACSlGr 
Mouse Tes tin hAwCqgChnaldpevqrvtYnnf sWHASteCFlCScCskcLiGqkFrnPveGmvFCSvECkrmm 

C. el bo496.8 *FAktCDtCqskIgpDekrlnYnetHWHAeerCFqCV^ 

C. el f25h5.1 FAnq^eCakpIGiDskdlsYkdkHK^**ehCFlCSmCkiSLvdmpFgskndrIFCSn*Cydqa 

Conserved amino acids are shown in uppercase and putative zinc binding ligands in bold. Sequence accession nos., LM06 (EMBL 
AJ011654), Testin (SwissProt P47226), C. elegans (bo496.8, EMBL U58748; zk381.7, EMBL U52003; £25h5.1, EMBL z81068) and the 
human EST (GenBank h90439). The novel PET domain is 101 amino acids in length in pk, esn, LM06 and f2ShS.l but is 5' truncated 
in the other four family members. The length of the individual LIM domains and the unusual spacing of the putative zinc binding 
ligands in the third LIM motif are conserved features of the pk family. The amino acid sequence homology for both the PET and LIM 
domains ranges between 40% identity (52% similarity) for bo496.8 compared to pk and 87% identity (92% similarity) for esn compared 
to pk [percentages calculated using Best Fit (GCG)]. 



whereas [sple*] gives a Pk phenotype in the wing (Fig. 8). 
This antagonism between the pk and sple transcripts im- 
plies either that both proteins compete for a target that is 
present in limiting amounts, or that they form protein 
complexes with distinct activities. In pk pk and pk sp7e 
mutants excess homodimers would misactivate polarity 
signaling. Stoichiometric ratios of the LIM domain pro- 
teins Apterous and Chip have been shown to be critical 
in their developmental function (Fernandez-Funez et al. 
1998). 

Both the human and mouse homologs, LM06 and Tes- 
tin (Divecha and Charleston 1995; Fisher et al. 1997), 
encode alternative 5' transcripts that may be a general 
feature of the pk family. 

Sequence analysis and homologies 

The LIM domain motif is a zinc binding finger that was 
originally described in horn eo domain proteins but has 



since been found in combination with kinase or GAP 
domains (Dawid et al. 1995) and in proteins with no 
other identified domains. Many nonhomeodomain LIM 
proteins are associated with the cytoskeleton, several of 
them being localized primarily in adhesion plaques (Da- 
wid et al. 1998) and having multiple LIM domains. The 
LIM domain appears to be involved in protein-protein 
interactions, with the highly charged zinc finger do- 
mains binding to target proteins. Homotypic interac- 
tions between two LIM domain partner proteins are also 
thought to occur (Dawid et al. 1998), although it is un- 
clear how two zinc fingers might interdigitate. 

There are a number of conserved features within the 
LIM domains of the pk family proteins. In the first LIM 
domain, there is a proline residue between the third (H) 
and fourth (C) zinc binding residues. This internal pro- 
line residue might introduce a kink within the zinc bind- 
ing site. Similar LIMP domains with an internal P at this 
site are found in the human SLIM 2, SLIM 3, PINCH, 
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Figure 6. Tissue in situs. Wild-type pupal leg 
and wing discs (28-32 hr] probed with pic-spe- 
cific [A,C] or spie-specific {B,D) 5' probes. Hy- 
bridization is uniform with both probes, with 
the exception of the wing veins and the tarsal 
segment boundaries (arrowheads in C). The 
expression in larval imaginal discs is much 
weaker; no endogenous signal is detected 
with a common exon probe at a level at which 
dpp-UAS:pk (gal4-dpp P[UAS:pk + ]) wing 
discs show strong hybridization within the 
dpp domain (£] (the dotted line indicates disc 
boundary). With increasing development 
times a signal is seen along both sides of the 
D/V compartment boundary (arrow) in the 
wing (P) and as a discrete band (arrow) behind 



the morphogenetic furrow (arrowheads) in the 
eye disc (G). These preparations show a high background of nonspecific signal (retained in pk?*- 11 ? 1 * 13 discs and with antisense probes; 
data not shown). In the embryo, pkM, sple, and common exon probes give similar patterns of expression. Stage 8 embryos [H] show 
a strong signal in the cephalic furrow and dorsal fold, pkM probe. (/) Stage 14 embryos show signal in the parasegmental folds, common 
exon probe. 



Zyxin, and Paxillin proteins and LIM domain kinase 2 
(LIK2) from chicken, mouse, rat, and human. 

In addition, the length of the consecutive LIM do- 
mains is constant in the pk family, with LIM1 contain- 
ing 57, LIM2 containing 52, and LIM3 containing 56 
amino acids. The implication is that the conservation of 
the triple LIM domain itself is important, rather than the 
individual LIM domains. In the case of the triple LIM 
domain protein Zyxin, the individual LIM domains may 
bind different target proteins and act as a template for 
the assembly of a number of structural components 
(Beckerle 1997). 

A similar scaffold function for the Pk protein would be 



consistent with the cell autonomy of pk in clones and 
the expression of pic transcripts in cells that are changing 
shape. The blocking of the normal migration of the ac- 
tin-rich prehair structure to the center of wing cells by 
overexpression of pk also implies a role in cytoskeletal 
remodelling. The lack of embryonic phenotype, despite 
the dynamic expression pattern, implies that pk function 
is redundant during embryonic development. A putative 
embryonic pk function could, in principle, be maternally 
supplied, but pk mutant strains of all three classes are 
fully fertile and homozygous pic embryos from homozy- 
gous mothers remain wild type. Similarly, gal4-da } 
V[UAS:pk + ], and gal4-da } V[UAS:sple + ] flies are corn- 



Figure 7. The wing phenotypes associated with ti- 
trating the number of intact copies of pic and sple. {A) 
pk-sple, moderate phenotype resulting from homo- 
zygous deletion of the common exons, pJc pJf-spie73 / 
pj^pk-spjei3 |£j extreme phenotype resulting from 
deletion of the pic transcript, Df(2R)pk-30/Df{2R)pk- 
30. [C] pk /pk-sple, moderate phenotype resulting 
from deleting pic and halving the number of sple cop- 
ies in Df(2R)pk-30/pk? k - s *> 1 * 13 flies. The polarity pat- 
tern shown here, distal to the posterior cross vein, is 
stronger than in the remainder of the wing blade, 
which is closer to p kP k ' s P la13 . [D] polarity of the 
marginal triple row bristles in wild type. (£) pk-sple 
triple row \ p k? k - ! * 1 * 13 fpk pk - spht13 ). (P) pk /pk-sple 
triple row [Df(2R)pk-30/pkP k ~ s P lel3 ]- f (G) pic triple row 
[Df(2R)pk-30 /Df(2R)pk-30]. The pk wing phenotype 
was rescued by driving UAS:pk* expression with the 
gal4-C765 driver, which is expressed in the wing and 
leg disks. [H] Th&pk pk triple row bristle phenotype is 
completely rescued and the wing hair polarity is close 
to wild type in pic ; C765-UAS:pk wings [Df(2R)pk- 
30 } gal4-C765/P{UAS:pk + )]. Small regions of abnor- 
mal polarity remain within the wing blade (both in pic ; C765-UAS:pk and C765-UAS:pk in a wild-type background), sple overex- 
pression also gives a wing phenotype in da-UAS:sple + wings (J) ; the wing shown is EP(2)2557/+ } gal4-da/+ (EP(2)2557 inserts a UAS 
driver 80 bp 5' to the sple first intron), but the same phenotype is shown with a P[UAS:sple + ] transformant line, in V\UAS:sple + ]/+; 
gal4-da / + wings . 
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Figure 8. Over expression phenotypes in leg and wing blade. 
Overexpression of sple in da-UAS:sple + [EP(2)2557/+ } gal4~da/ 
+] legs gives no mutant phenotype; the wild-type morphology of 
T3 and T4 tarsal segments is shown in A. For comparison, the 
duplicated proximal (ball) and distal (socket) joint structures of 
the T3 and T4 segments resulting from lack of function in 
legs is s hown in B } the Tl, T2, and T5 segments (not 
shown) remain normal. A more extreme tarsal duplication phe- 
notype affecting T1-T4 segments is given by Pk overexpression 
in 765-UAS:pk* {P[UAS:pk] + /gal4-C765) flies (C). [D,E] The 
same region anterior to vein 4 in two different da-UAS:sple 
[EP(2)2557/+; gal4~da/+] wings. The polarity in any given re- 
gion is unpredictable from wing to wing, but hair orientation 
changes gradually across large fields of cells. Whorls, cruciform, 
and radial stacking flaws are seen as in pk pk wings, but at vari- 
able positions within the wing blade. 

pletely viable and show no embryonic phenotype, de- 
spite the embryonic expression of the gal4-da driver. 

Tessellation models and fine-grained positional 
information during planar polarity formation 

Perhaps the most surprising feature of the tissue polarity 
mutants is the precise polarity patterns seen in the wing 
hairs (Gubb and Garcia-Bellido 1982). Rather than re- 
flecting fine-grained positional information, however, 
the precision of the final pattern might be dependent on 
a tessellation mechanism. The orientation of the first 
cell would determine the alignment of subsequent cells, 
like sticking tiles on a bathroom wall. In pk pk mutants, 
the alignment of wing hairs deviates progressively with 
occasional abrupt changes. In the adult mutant wing, 
hair polarity alters gradually with sudden topological 
discontinuities (Fig. 2E-G) that resemble the stacking 
flaws in liquid crystals (Frank 1958). In Df(2R)pk-30 
wings, regions where the wing hairs are uniformly ori- 
ented retain a predominantly hexagonal array. Regions 
surrounding topological discontinuities, such as the an- 
terior whorl, show irregular cell shapes frequently asso- 
ciated with duplicated wing hairs. 

Strong support for a tessellation mechanism is given 
by the overexpression phenotype of Pk and Sple when 
driven by a ubiquitous promotor (e.g., Fig. 8D,E). Al- 



though polarity patterns are variable, hair orientation al- 
ters smoothly from cell to cell across the wing surface, 
indicating that the polarity of cytoskeletal structures is 
aligned within large fields of cells. It is as if cell packing 
had nucleated randomly and then spread to neighboring 
cells until meeting an adjacent domain. The short-range 
perturbation in polarity that is occasionally seen proxi- 
mal and lateral to a pk pk clone is consistent with me- 
chanical adjustment of cells to fit against their immedi- 
ate neighbors, unlike the long-range domineering nonau- 
tonomy lateral and distal to fz clones. With both classes 
of clones, a tessellation mechanism might impose a 
threshold. Below this threshold, disruptions in polarity 
signaling would fail to affect the orientation of neighbor- 
ing cells. 

Tarsal duplications and polarity signaling pathways 

The tarsal phenotype of dsh is very similar to pk pksplc13 
causing duplications of the T3 and T4 segments. A more 
extreme phenotype including complete duplications of 
T2 to T4 together with a well-developed ectopic Tl joint 
are seen in dsh; pk spla , overexpression UAS:pk + and fz 
mutant strains, implying that a similar polarity signaling 
pathway is affected. It has been suggested that pk and fz 
are upstream in a signaling pathway leading to dsh 
(Wong and Adler 1993; Shulman et al 1998). There are 
several problems with a simple linear pathway, however, 
and the relationship between pk and fz is unclear. First, 
neither fz nor pk is clearly epistatic to the other; rather, 
the double mutant [pk pk ; fz) phenotype is intermediate 
between pk pk and fz (Gubb and Garcia-Bellido 1982; 
Wong and Adler 1993). Second, whereas fz clones cause a 
long-range nonautonomous disruption in surrounding 
tissue (Gubb and Garcia-Bellido 1982; Vinson and Adler 
1987) we show here that pk pk clones resemble dsh clones 
(Theisen et al. 1994) in being almost completely cell au- 
tonomous. (Both pk spjBl and pk pk ~ sple13 clones are cell 
autonomous in the eye (Zheng et al. 1995; Gubb 1998).) 
On the other hand, the pk pk triple row bristle phenotype 
(that results from Sple expression in the absence of Pk) is 
suppressed in dsh; pk pk wings and the dsh polarity pat- 
tern is modified in dsh; pk sple wings (despite pk sp]e on its 
own not having a wing phenotype). Finally, complete 
lack of pk transcripts produces a phenotype very similar 
to dsh. Taken together, these results indicate that PK is 
not downstream of Fz but may represent an alternative 
input into Dsn-mediated planar polarity signaling. 

Conclusions 

We show that the two genetically distinct phenotypes Pk 
and Sple arise from discrete lesions in a single gene and 
suggest that the relative and absolute levels of the two 
gene products are critical to wild-type activity. The de- 
velopmental expression of a third transcript, pkM, sug- 
gests an embryonic function. We have not recovered mu- 
tant alleles of pkM, however, and the lack of embryonic 
phenotype with deletions of the entire pk gene implies 
that any embryonic function must be redundant. 



2324 GENES St DEVELOPMENT 



Downloaded from www.genesdev.org on December 18, 2007 - Published by Cold Spring Harbor Laboratory Press 



The pk gene 





■vSs^. ' .• s . ; : - - -t* - ^ ■• '••■■*•>■ km>v- \-~y--^ 





Figure 9. Comparison of different planar polarity 
phenotypes in wing and tarsi. The triple row bristle 
phenotype and wing blade polarity patterns of dsh are 
similar to p kP k ^ p] * ia [A,D). The extreme triple row 
phenotype of Df(2R)pk-30 is suppressed in dsh; 
Df(2R)pk-30 flies and becomes phenotypically Dsh in 
both dsh } Df(2R)pk-30 and dsh; pks pJel double mu- 
tants [B,C). In dsh; Df(2R)pk-30 double mutants, the 
wing blade phenotype is intermediate between the re- 
spective single mutants [E). A slight, but consistent 
modification in the Dsh polarity is also seen in dsh; 
pk sple7 wings, despite the fact that pk sp1e alleles show 
no wing phenotype (J 7 ). The Dsh tarsal phenotype is 
similar to pkP k ~*P 7&13 in giving complete duplications 
of the T3 and T4 segments; an incipient joint is pre- 
sent in Tl and T2 (arrows), but the external morphol- 
ogy of these segments remains normal [G). This phe- 
notype is unaffected in dsh } Df(2R)pk-30 [I). The most 
extreme tarsal phenotypes, with complete duplica- 
tions in T2-T4 and an ectopic joint structure in Tl, 
are seen in fz [H], V\UAS:pk + ] overexpression (Fig. 8C) 
and dsh; pk sple [J] mutant strains. In somatic mosaics, 
the effects of pk and fz are distinct. Within pk pk pwn 
clones, the polarity pattern is autonomous. A pk pk 
pwn clone in cell E of the wing is shown in K which 
expresses pk pk polarity (black arrows) (cf. Fig. 1A) ; a 
short range alteration in polarity (gray arrowheads) is 
seen close to the clone boundary (broken line). This 
effect is clearest when a small peninsula of pk pk pwn 
tissue is surrounded by pvm* tissue. In contrast, fiz tic 
clones cause a long-range nonautonomous alteration 
in the polarity of surrounding cells, which tend to 
point toward the mutant clone (L,M). 



We have also identified the PET domain, a novel pro- 
tein motif that is highly conserved in metazoan evolu- 
tion. We speculate that the PET domain is involved in 
interactions with as yet unidentified proteins to form a 
planar polarity signaling complex. Potential partners 
could include the currently known tissue polarity genes 
and actin cytoskeletal components. Overexpression of 
Pk transcripts produces mutant phenotypes similar to 
recessive lack of function. This unusual property is also 
shown with overexpression of Fz (Krasnow and Adler 
1994) and Dsh (Axelrod et al. 1998). If Dsh is acting as a 
scaffolding or adapter protein (Axelrod et al. 1998) then it 
would be required in stoichiometric ratios to its target 
proteins, and overexpression would prevent assembly of 
functional complexes. It may be that the Pk protein iso- 
forms are components of this protein complex that are 
expressed in cells remodeling their cytoskeletal architec- 
ture. 

Materials and methods 

Drosophila stocks 

The original alleles of pk pk and pk spla are spontaneous. Subse- 
quent alleles were induced in this study (see below and http: / / 
www.gen.cam.ac.iik/dept/gubb.html) or described in FlyBase 
(http://flybase.bio.indiana.edu). The EP line (Rorth 1996), 
EP[2}2557 maps in the pk region and gives a recessive polarity 



phenotype in notum and tarsus (B. Reed, pers. comm.). Gal4 
driver strains were gal4-panniei (/) pmM D237 } gal4-C765 } gal4- 
dpp [decapentaplegic), gal4—en, and gal4-da G32 (FlyBase 1999). 
The boundaries of adult wing cells were visualized using the 
miniature [m) mutant strain In(l)m 2Sc (Newby et al. 1991). . 

To extend the analysis of pk, new alleles were recovered in a 
variety of screens. Four pk pk [19, 20, 21, 30} and four pk pk -*P le 
[11, 12, 13, 31) .alleles were isolated among 4207 X-irradiated 
chromosomes, heterozygous with either Df(2R)pk78k or pi pk 
cn sp. Twenty further alleles of pk* 3 *** 1 * [22, 24, 26, 28, 32, 34, 
35, 37, 38, 39, 40, 41, 43-51) and two of pk* pltl [36, 42) were 
recovered among 34, 491 X-irradiated chromosomes heterozy- 
gous with pk splGl . Together with preexisting alleles, this gave a 
collection of eleven pk pk alleles, 28 pkP^P 1 * 1 alleles, and seven 
pic*" 7 * alleles (Table 1). 

Mutagenesis 

New X-ray-induced alleles of pk pk and pk pk ~ sple were recovered 
heterozygous with Df(2R)pk78k, or pi pk cn sp following the 
methods of Heitzler et al. (1993). Additional X-ray-induced pk- 
pk-spie p k* P ie alleles were screened for the pk sple phenotype 
heterozygous with pk sp}el . 

Moleculai techniques 

A chromosome walk of 150 kb was isolated using the phage 
genomic insert library of John Tamkun (University fo Califor- 
nia, Santa Cruz). The walk was extended from a 3-kb genomic 
fragment with weak homology to laf (Mark et al. 1987) proxi- 
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mally to FP11/3 and distally to FPO/4, until the Df(2R)spJe-J2 
and Df(2R)Dil-rv30 breakpoints defining the region had been 
uncovered. The complete restriction maps of these phage for 
£coRI, Sail, BamHl, Xhol, and HmdEI and other details are 
available at the http://www.gen.cam.ac.uk/dept/gubb.html 
web site. 

Chromosome breakpoints were mapped relative to the geno- 
mic phage inserts by in situ hybridization with biotin-labeled 
probes and genomic Southern blots [as described in Gubb et al. 
1997). Tissue in situs used riboprobes to the unique exons and 
the 3' common exons, made with the Boehringer DIG RNA 
labeling kit (SP6/T7). 

Identification of tianscripts and recovery of cDNAs 

As the walk progressed, gel-purified genomic fragments were 
used to probe developmental Northern blots and cDNA library 
filters. Although three Serpin transcripts and a putative adeno- 
sine kinase were identified on Northern blots using random 
primed genomic insert probes, the much less abundant pk tran- 
scripts were not detected. A single putative full-length pk 
cDNA, Pk4a3, was finally recovered from 5 x 10 5 clones of an 
embryonic library [Brown and Kafatos 1988). Additional pk 
transcripts were identified from embryonic cDNA using nested 
oligonucleotides from the second exon of Pk4a3 with the Mara- 
thon [ClontechJ-modified RACE protocol. Products were cloned 
into the pCR2. 1 vector with a TA cloning kit (Invitrogen). This 
generated three fragments of 1.8, 0.88, and 0.65-kb, which were 
hybridized to the genomic walk. The 0.88-kb product is equiva- 
lent to the 5' end of Pk4a3-, whereas the other two products 
represent alternative 5' exons. The 1.8-kb product corresponds 
to the 5' sple transcript, whereas the 0.65-kb fragment identifies 
a third, medial transcript, which we have designated pkM. 

Northern analysis 

Total RNA was isolated from staged wild-type (Canton-S) flies 
(Ashburner 1989). Poly (A) + RNA was prepared using the 
PolyAT tract raRNA isolation kit (Promega). Developmental 
Northern blots used -0.5 pg of Poly(A) + RNA from each stage. 
For pk mutants, 25 pg per lane of total RNA from 2-day pupae 
was used. Gels were blotted on nylon membrane and hybridized 
with random-primed 32 P-radiolabeled pk common exon probe 
(the Pk4a3 Pstl-Xhol 617-bp plus Xhol-Notl 737-bp fragments) 
and a Rp49 probe following standard procedures. Single- ' 
stranded antisense RNA probes for the alternative 5' exons were 
synthesized from the pCR2. 1 vector. 

Nucleotide sequence analysis of cDNA, 
genomic clones, and exonic boundaries 

Genomic fragments and cDNAs were subcloned into pBlue- 
script SK+ (Stratagene Ltd.). SauUlA and TaqI restriction frag- 
ments of the Pk4a3 cDNA and six-cutter fragments of the sple 
5' cDNA were sequenced from vector primers using the Prism 
Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit 
(Perkin-Elmer Corporation). Sequence gaps were filled using 
specific oligonucleotide primers. 

The exon structure of a full-length 4.2-kb cDNA, Pk4a3, was 
mapped to the genomic walk by Southern blot and sequence 
analysis. Similarly, the 1.8-, 0.8 8-, and 0.65-kb 5' RACE prod- 
ucts were mapped against the genomic walk before being sub- 
cloned and sequenced. The precise boundaries of the pk 5 1 exon 
were deduced by comparison to sequence from subcloned geno- 
mic fragments from our walk, whereas the 5 ' exonic structure of 
pkM and sple was obtained by comparison of the cDNA se- 



quence of the 1.8- and 0.65-kb RACE products to genomic se- 
quence from the Berkeley Drosophila Genome project (PI clone 
DS08462; AC005198). 

Transformation constructs 

Transformation constructs were cDNA sequences subcloned in 
the pUAST vector to utilize the gal4 expression system (Brand 
and Perrimon 1993). The UAS \pk + ] transgenic construct was 
made from the Pk4a3 cDNA, whereas UAS [sple + ] was synthe- 
sised from Pk4a3 by replacing the 5' HindJU-Smal fragment 
with the sple 5 ' HindSR-Smal fragment from a pBluescript sub- 
clone of the 1.8-kb RACE product. 

Analysis of somatic clones 

Somatic mosaics of pk pkl marked with the cell autonomous 
mutation j?wn were generated using a P[FRT\42D pk pkl pwn 
chromosome following the method of Xu and Rubin (1994) and 
fz trc as in Gubb and Garcia-Bellido (1982). 
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Abstract — The synaptic plasticity that is addressed in this review follows neuro degeneration in the brain 
and thus has both structural as well as functional components. The model of neurodegeneration that has 
been selected is the kainic acid lesioned hippocampus. Degeneration of the CA3 pyramidal cells results 
in a loss of the Schaffer collateral afferents innervating the CA 1 pyramidal cells. This is followed by a 
period of structural plasticity where new synapses are formed. These are associated with changes in the 
numbers and shapes of spines as well as changes in the morphometry of the dendrites. It is suggested 
that this synaptogenesis is responsible for an increase in the ratio of NMD A to AMP A receptors mediat- 
ing excitatory synaptic transmission at these synapses. Changes in the temporal and spatial properties of 
these synapses resulted in an altered balance between LTP and LTD. These properties together with a 
reduction in the inhibitory drive increased the excitability of the surviving CA1 pyramidal cells which in 
turn triggered epileptiform bursting activity. In this review we discuss the insights that may be gained 
from studies of the underlying molecular machinery. 

Developments in one of the collections of the cogs in this machinery has been summarized through 
recent studies characterizing the roles of neural recognition molecules in synaptic plasticity in the adult 
nervous systems of vertebrates and invertebrates. Such investigations of neural cell adhesion molecules, 
cadherins and amyloid precursor protein have shown the involvement of these molecules on the morpho- 
genetic level of synaptic changes, on the one hand, and signal transduction effects, on the other. Further 
complex cogs are found in the forms of the low-density lipoprotein receptor (LDL-R) family of genes 
and their ligands play pivotal roles in the brain development and in regulating the growth and remodel- 
ling of neurones. Evidence is discussed for their role in the maintenance of cognitive function as well as 
Alzheimer's. The molecular mechanisms responsible for the clustering and maintenance of transmitter 
receptors at postsynaptic sites are the final cogs in the machinery that we have reviewed. 

Postsynaptic densities (PSD) from excitatory synapses have yielded many cytoskeletal proteins includ- 
ing actin, spectrin, tubulin, microtubule-associated proteins and calcium/calmodulin-dependent protein 
kinase II. Isolated PSDs have also been shown to be enriched in AMPA, kainate and NMDA receptors. 
However, recently, a new family of proteins, the MAGUKs (for membrane-associated guanylate kinase) 
has emerged. The role of these proteins in clustering different NMDA receptor subunits is discussed. 
The MAGUK proteins are also thought to play a role in synaptic plasticity mediated by nitric oxide 
(NO). Both NMDA and non-NMDA receptors are highly clustered at excitatory postsynaptic sites in 
cortical and hippocampal neurones but have revealed differences in their choice of molecular com- 
ponents. Both GABA A and glycine (Gly) receptors mediate synaptic inhibition in the brain and spinal 
cord. Whilst little is known about how GABA A receptors are localized in the postsynaptic membrane, 
considerable progress has been made towards the elucidation of the molecular mechanisms underlying 
the formation of Gly receptors. It has been shown that the peripheral membrane protein gephyrin plays 
a pivotal role in the formation of Gly receptor clusters most likely by anchoring the receptor to the sub- 
synaptic cytoskeleton. Evidence for the distribution as well as function of gephyrin and Gly receptors is 
discussed. Postsynaptic membrane specializations are complex molecular machinery subserving a multi- 
tude of functions in the proper communication between neurones. Despite the fact that only a few key 
players have been identified it will be a fascinating to watch the story as to how they contribute to struc- 
tural and functional plasticity unfold. © 1998 Published by Elsevier Science Ltd. All rights reserved 
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1. INTRODUCTION 

Focal degeneration of neurones in the brain has 
been found to trigger a cascade of structural and 
functional changes in the synapses as well as in the 
postsynaptic cell. The model that we will describe is 
the kainic acid lesioned hippocampus (Ben-Ari et 
aL, 1980; Nadler et a!., 1980b; Lancaster and 
Wheal, 1982; Ben-Ari, 1985; Phelps et al. t 1991; 
Mitchell et aL, 1993). Following the degeneration of 
the CA3 neurones and Schaffer collaterals there is a 
period of reactive growth when there are changes in 
the numbers and properties of the spines, postsyn- 
aptic receptors and dendritic architecture as well as 
changes in the functional properties of the synapses. 
Thus the term synaptic plasticity is used to embrace 
structural and/or functional changes at synapses. In 



this review we will discuss the insights into the struc- 
tural and functional changes at synapses that may 
be gained from studies on the underlying molecular 
machinery, including the role of adhesion molecules 
and the mechanisms controlling the localization and 
accumulation of neurotransmitter receptors. 

The plethora of recognition molecule functions 
during ontogenetic formation of the nervous system 
has received considerable attention, being spurred 
by the generation and thoughtful interpretation of 
transgenic null mutants in worms, flies and mice. 
However, relatively little attention has been paid to 
the function of recognition molecules in the adult 
nervous system, which is also capable to form new 
contacts between cells and to rearrange existing ones 
that determine regeneration after trauma and synap- 
tic plasticity. Part of the aim of this review is to 
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summarize recent developments in studies character- 
izing the roles of neural recognition molecules in 
synaptic plasticity in the adult nervous system of ver- 
tebrates and invertebrates. Such investigations have 
shown an involvement of these molecules on the 
morphogenetic level of synaptic changes, on the one 
hand, and signal transducing effects, on the other. 
These studies have aimed at a deeper understanding 
of the similarities and differences in recognition mol- 
ecule function during ontogenetic development and 
in the adult, and suggest highly conserved functions 
of recognition molecules in vertebrates and invert- 
ebrates. The view emerges that plastic changes in the 
functions of synapses recapitulate, at least to some 
extent, the molecular mechanisms underlying the for- 
mation of neuronal networks during development. 

The presence of many members of the low-density 
lipoprotein receptor (LDL-R) family along with their 
ligands in the brain suggests that they may have im- 
portant active roles in maintaining lipid transport 
and homeostasis. Recent evidence suggests that mem- 
bers of the LDL-R family of genes and their ligands 
play by themselves pivotal roles in the development 
of the brain and in regulating the growth and remo- 
delling of neurones. Evidence is also reviewed for the 
role of LDL-R in Alzheimer's. High levels of this pro- 
tein and apolipoprotein (apo) E-R2 have been found 
in the hippocampus and disruption of the apo E gene 
leads to synaptic loss and cognitive impairment. 

The clustering of the transmitter receptors at post- 
synaptic sites is another fundamental mechanism 
that may contribute to changes in synaptic strength. 



Thus, understanding the mechanisms responsible for 
the localization and accumulation of receptors in 
nerve cells is anticipated to provide insights into the 
molecular basis of synaptic plasticity. The mechan- 
isms which ensure the correct formation and main- 
tenance of such specialized membrane domains upon 
differentiation and their contribution to plastic 
changes of synaptic efficacy are just about to emerge. 
Present evidence suggests that distinct polypeptides 
co-operating in these processes are employed by ex- 
citatory and inhibitory synapses, respectively. 

Understanding these molecular mechanisms may 
in turn shed light on the molecular mechanisms that 
underlie functional and structural changes that 
occur during synaptic plasticity and reactive synap- 
togenesis induced by focal lesions of the hippo- 
campus. Knowledge of the mechanisms underlying 
temporal lobe epilepsy may also provide novel 
approaches to the treatment of this debilitating and 
universal condition. 



2. STRUCTURAL AND FUNCTIONAL 
CHANGES AT SYNAPSES IN THE KAINIC 
ACID LESIONED HIPPOCAMPUS 

2.1. Reactive Synaptogenesis Following 
Neurodegeneration in the Hippocampus 

The kainic acid lesioned hippocampus has proved 
to be a fascinating and fruitful experimental model 
in which to investigate the structural and functional 
changes in synaptic function. When the kainic acid 
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Fig. 1. Horizontal bar graphs to show the total normal asymmetric synapses per 100 /xm 2 of tissue at 
proximal, mid and distal stratum radiatum of CA1, sampled at different intervals post lesion. Note the 
rapid reduction of normal excitatory synapses ipsilateral to the lesion over the first 3 days followed by 
some recovery over the next four weeks. Values have been adjusted for apparent shrinkage due to the 
loss of cells in the CA3 region of the ipsilateral hippocampus [from Phelps (1991)]. 
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was applied unilaterally and intracerebroventricu- 
larly (i.c.v.) neurodegeneration and gliosis occurred 
in the CA3/CA4 regions of the hippocampus 
(Nadler et al, 1980b; Lancaster and Wheal, 1982; 
Phelps et al, 1991; Mitchell et al, 1993). Similar 
patterns of loss were observed in tissue from 
patients with intractable temporal lobe epilepsy 
(Ben-Ari, 1985; Babb and Brown, 1987). 

Following destruction of neurones in the hippo- 
campus there is a surprising degree of reactive 
synaptic plasticity in which the surviving ipsilateral 
and contralateral afferents sprout to reinnervate 
deafferentated dendritic sites (Steward, 1986). 
Ultrastructural studies of the stratum radiatum in 
the surviving CA1 region in the kainic acid lesioned 
hippocampus showed a rapid fall in the number of 
SchafFer collateral boutons as the CA3 pyramidal 
cells degenerate. This was followed by recovery to 
72% of control within 6-8 weeks (Nadler et al. 9 
1980a,b). In a more recent study, the peak of the 
loss ipsilaterally was at 3 days, followed by a 74% 
recovery at 4 weeks, reaching 80% after 24 weeks 
(Phelps et al, 1991). When counts were compared 
from three arbitrarily defined regions of the stratum 
radiatum, whilst all the regions showed similar re- 
ductions, it was the proximal region, close to the 
pyramidal cell layer that exhibited the largest recov- 
ery [see Figure 3 in Phelps (1991)]. These measure- 
ments were made by counting the number of 
asymmetric synapses per 100 jim 2 and the actual 
values found in the stratum radiatum of CA1 in 
control and lesioned tissue compared very favour- 
ably with those previously reported following bilat- 
eral lesions (Nadler et al., 1980a). 



Preliminary quantitative results shown in Table 1 
of Phelps et al. (1991) suggest that between 3 days 
and 4 weeks, reactive synaptogenesis occurs more 
quickly than the degenerating pre- terminal elements 
are cleared. This suggests that, in addition to the 
replacement of degenerating postsynaptic densities 
(PSD), new sites of contact are also formed. 
However, there appeared to be a permanent re- 
duction in the number of asymmetric sites in the 
stratum radiatum (Fig. 1). 

2.2. Changes in the Morphology of Spines 

The morphology of spines in the CA1 region of 
the hippocampus has been well described by Harris 
and colleagues (Harris and Stevens, 1989; Harris 
and Kater, 1994). Various changes in the mor- 
phology of spines following reactive synaptogenesis 
have been described including increases in the num- 
bers of, multi-synaptic boutons (Raisman, 1969), 
double-headed spines (Chen and Hillman, 1982), 
complex synapses (Goldowitz et al., 1979). Phelps 
(1991) also found qualitative increases in the pro- 
portion of multi-synaptic boutons in the mid and 
distal layers of the stratum radiatum of CA1 ipsilat- 
eral to the lesion. The lack of any change in the 
proximal region was probably due to the high ratio 
of multi-synaptic boutons that was normally found 
in this layer. This "normal" sharing may explain 
why the fall in healthy synaptic contacts was so dra- 
matic at 3 days, each degenerating multi-synaptic 
bouton contributing two degenerating synapses. In 
contrast, double-headed spines were rarely encoun- 
tered (Phelps, 1991). 
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Fig. 2. Horizontal bar graphs to show the number of complex or perforated synapses per 100 jim 2 of tis- 
sue at proximal, mid and distal stratum radiatum of CA1, sampled at different intervals post lesion. 
Note the increase in all levels of the stratum radiatum by four weeks in the CA1 region ipsilateral to the 
lesion. Values have been adjusted for apparent shrinkage due to the loss of cells in the CA3 region of 
the ipsilateral hippocampus [from Phelps (1991)]. 
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Complex synapses were identified in micrographs 
from the discontinuity of their PSD, often with a 
W-shaped synaptic contact. Figure 2 shows the 
increases in the number of complex synapses were 
found in all areas of the stratum radiatum of the 
surviving CA1 region at 4 weeks post lesion (Phelps, 
1991). Increases were also found in the number of 
asymmetric synapses onto dendritic shafts proximal 
to the cell body layer at 7 days post lesion, which 
were coincident with increases in spine neck width 
(data not shown). 

The numbers, the location and the properties of 
the asymmetric synapses are an important determi- 
nant of the excitatory drive onto the surviving CA1 
pyramidal cells in this model. However, it is difficult 
to know whether any changes that have been 
observed are due to activity dependent plasticity or 
merely a product of ongoing degeneration (Phelps et 
aL, 1991; Phelps, 1991; Harris and Kater, 1994). One 
of the options is that, following neurodegeneration of 
the CA3 pyramidal cells and their Schaffer collater- 
al's, there is straightforward de novo formation of ad- 
ditional synapses on the dendritic shaft. In normal 
tissue, the majority of synapses on dendritic shafts 
appear to occur on the aspinous dendrites of non- 
pyramidal cells. However, studies of LTP in the CA1 
area (Lee et aL, 1980; Chang and Greenough, 1984) 
have detected an increase in asymmetric shaft 
synapses. Chang and Greenough also proposed that 
where these additional synapses occurred on a pyra- 
midal neurone, they subsequently developed into ses- 
sile and then into mature spines with a head and 
neck. The abnormally thick necks measured at 
1 week ipsilaterally lend further support to the notion 
of spines emerging from the dendrite. The same 
sequence has been noted in developmental studies of 
the dentate gyrus (Cotman et aL, 1973) in which 



spines are seen to increase in number and size after 
the full complement of synapses have been achieved. 
It is reasonable to propose that the degeneration of 
Schaffer collateral's in the kainic acid lesion serves to 
reawaken such developmental mechanisms, which in 
any case may play a part in the natural turnover of 
mature tissue (Sotelo and Palay, 1971). 

Whilst one shouldn't forget that some of the 
increase in the number of shaft synapses may be on 
non-pyramidal cells, such de novo synthesis would 
presumably favour the proximal apical dendritic 
region which showed the most striking loss of asym- 
metric synapses following degeneration of the 
Schaffer collateral's (Phelps et aL, 1991). 
Interestingly, as illustrated in Fig. 3, the largest 
increase in the numbers of dendritic shaft synapses 
were found in this area (Phelps, 1991). It is also im- 
portant to note that the increase was only tempor- 
ary, providing further support that these shaft 
synapses are precursors of new spine contacts. 

2.3. Reorganization of the Mossy Fibres 

Several groups have been interested in the synap- 
tic reorganization of mossy fibres (Babb et aL, 1991; 
Houser et aL, 1990; Represa et aL, 1989; Sutula et 
aL, 1989) and presumed inhibitory interneurones 
(DeLanerolle et aL, 1989) in tissue resected from 
patients with intractable epilepsy. Following the uni- 
lateral kainic acid lesion, Sundstrom et aL (1993) 
have observed bilateral reorganization of mossy 
fibres. One month post lesion they observed a pro- 
minent band of zinc-containing Timm's-stained 
terminals present in the inner molecular layer of the 
ipsilateral dentate gyrus. At 3 months, mossy fibre 
reorganization is also seen in the contralateral inner 
molecular layer of the dentate gyrus and in the 
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Fig. 3. Increases were also found in the number of asymmetric synapses onto dendritic shafts proximal 
to the cell body layer at 7 days post lesion, which were coincident with increases in spine neck width 
(data not shown). Values have been adjusted for apparent shrinkage due to the loss of cells in the CA3 
region of the ipsilateral hippocampus [from Phelps (1991)]. 
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infrapyramidal band in the contralateral CA3 changes are reflected in the three dimensional organ- 
(Sundstrom et al, 1993). The time course of the ization and structure of the dendrites of the pyrami- 
appearance of supragranular labelling after unilat- dal cells. The combination of intracellular 
eral i.c.v kainic acid, was slower that reported fol- electrophysiological recording and dye injection 
lowing intravenous, intrahippocampal kainic acid or together with anatomical reconstruction of the 
kindling (Davenport et al, 1990; Nadler et al, 1983; labelled cells considerably facilitates this type of 
Tauck and Nadler, 1985; Cavazos et al., 1991; analysis (Pyapali and Turner, 1994; Stockley et al, 
Represa et al, 1989). The reason for this delay was 1993; Turner et al, 1991). Pyapali and Turner 
unclear. However, the appearance of a suprapyrami- (1994) performed just this sort of analysis on the 
dal band in the contralateral hippocampus reported CA1 pyramidal cells following a unilateral kainic 
by Sundstrom et al (1993), provides further evidence acid lesion. The primary differences in the morpho- 
to suggest that the sprouting is linked to the spread metry were an increase in the number of branches in 
of epileptiform activity (Ben-Ari and Represa, 1990) the apical dendrite, from 145 to 231, resulting in a 
rather than to the CA3/CA4 lesion itself since con- significant increase in the total number of branches 
tralateral sprouting occurred in the absence of any and terminals in these cells. The regions of growth 
contralateral CA3/CA4 damage. Sutula et al (1988) reported by Pyapali and Turner (1994) started in the 
have also reported sprouting of mossy fibres in the proximal third and peaked in the mid third of the 
dentate molecular layer in the absence of overt mor- apical dendrites, overlapping the peak areas of neu- 
phological damage, in the kindling model of epi- rodegeneration recorded by Phelps (1991). Whilst 
lepsy. Furthermore, the bilateral reorganization these electrotonically distant regions may not facili- 
observed after kindling the amygdala, and the pro- tate the postsynaptic response, the shear numbers of 
gressive relationship between the extent of sprouting new synapses, particularly if combined with a differ- 
and the stage of kindling indicates that epileptiform ent array of ligand-gated channels, may have a con- 
activity might be sufficient to induce sprouting tributing effect to both the reinnervation as well as 
(Cavazos et al, 1991; Sutula et al, 1988). the epileptiform activity (Fig. 4). 

2.4. Increases in Dendritic Branches 2.5. Functional Consequences of Synaptogenesis 

A considerable amount of data has been pre- A particularly challenging question that has been 

sented in this review on the changes in the numbers raised by those laboratories working on synaptogen- 

and properties of pre-synaptic terminals and post- esis is what is the origin of these new afferents? The 

synaptic spines both before and after synaptogen- commissural fibres, Schaffer collateral's and ipsilat- 

esis. It would be interesting to know whether these eral association fibres have a common source, the 




Fig. 4. Reconstructions of neuro bio tin-injected CA1 pyramidal cells (A) from a control animal and (B) 
from a unilateral kainic acid lesioned host, 5 days post lesion. There was a significant increase in the 
number of branches in the apical dendrite in the mid stratum radiatum [from Pyapali and Turner 

(1994)]. Scale bars = 200 /mi. 
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pyraidal cells of CA3. Within CA1, the terminals of 
these fibres are spread throughout stratum oriens and 
stratum radiatum from the septal to the temporal 
pole of the hippocampus, the commissural fibres fol- 
low a route parallel to the Schaffer collateral's 
(Gottlieb and Cowan, 1973; Ishizuka et al, 1990; 
Bernard and Wheal, 1994; Bernard et al, 1997). The 
homologous nature of these fibres, and the presumed 
proximity of their terminals undoubtedly makes com- 
missural fibres, and spared ipsilateral association 
fibres favourites to replace the afflicted Schaffer col- 
lateral's ipsilaterally, whilst the contralateral CA1 
pyramidal cells have their Schaffer collateral's and as- 
sociation fibres to compensate for commissural loss 
(Goldowitz et al, 1979; Nadler et al, 1980a). The 
CA1 pyramidal cells themselves also have collateral 
branches that could replace asymmetric contacts on 
neighbouring CA1 pyramids. These collateral's most 
notably innervate inhibitory non-pyramidal cells to 
generate inhibitory feedback. However, some CA1- 
CA1 connections have been detected (Christian and 
Dudek, 1988; Radpour and Thomson, 1990). Any 
abnormal rise in their usually low probability connec- 
tions would seriously increase the excitability of the 
CA1 pyramidal cells, and possibly initiate reverberat- 
ing excitatory activity. The terminals of these affer- 
ents have recently been traced to the basal dendrites 
of the CA1 pyramidal cell (Deuchars and Thomson, 
1996) and following a bi-lateral kainic acid lesion 
sprouting has been reported in the stratum oriens of 
CA1 (Perez et al, 1996). Recent unpublished data (C. 
Bernard, personal communication) from the unilater- 
ally lesioned hippocampus has shown sprouting 
extends not only into the stratum oriens, but also into 
the pyramidal cell layer and the stratum radiatum of 
CA1. It is important to note that these data were 
obtained from animals that had had spontaneous sei- 
zures for 2 weeks, that is, about a month post i.c.v 




20ms 

Fig. 5. Stimulus evoked synchronous epileptiform burst 
recorded from the CA1 pyramidal cell layer in the kainic 
acid lesioned hippocampal slice. The same stimulus applied 
to control slices resulted in only a single population spike. 



kainic acid injection. Suggesting that spontaneous sei- 
zures may be the product of the increased recurrent 
excitatory drive from the CA1-CA1 sprouting. 

Irrespective of the origin of the branching affer- 
ents, it was clear that there are long-term changes in 
the excitability of the surviving CA1 pyramidal 
neurones. Three different mechanisms were found to 
contribute to the expression of epileptiform bursting 
in this preparation (see Fig. 5). These included 
changes in the intrinsic excitability of the cells 
(Ashwood et al, 1986), reduced inhibitory inner- 
vation from local interneurones radiatum (Ashwood 
et al, 1986; Cornish and Wheal, 1989; Best et al, 
1993, 1994; Bernard and Wheal, 1995b) and an 
increased role for NMDARs in the excitatory 
synaptic drive (Ashwood and Wheal, 1987; Simpson 
et al, 1991; Turner and Wheal, 1991). In this review 
we would like to focus on this latter mechanism and 
explore the possibility that the properties of the 
NMDARs may be due to the activity dependent ex- 
pression of novel receptor protein. 

We have previously reported the presence both 
AMPA receptor and NMDA receptor mediated 
graded epileptiform bursting activity in the kainic 
acid lesioned rat hippocampus. The prominent 
NMDA receptor mediated component contributing 
to the EPSPs and the epileptiform bursts that was 
found in the experiments was recorded in 1 mM 
[Mg 2+ ] D (Ashwood et al, 1986; Ashwood and 
Wheal, 1987; Simpson et al, 1991; Turner and 
Wheal, 1991; Williamson and Wheal, 1992). An 
NMDA component underlying epileptiform bursting 
was also found in the kindling model (Mody and 
Heinemann, 1987), or that induced by low extracellu- 
lar Mg 2+ concentrations (Thomson and West, 1986; 
Mody et al, 1987; Traub et al, 1994). NMDA recep- 
tors were also shown to be involved in bursting ac- 
tivity in human tissue (Avoli and Olivier, 1987). 

2.6. Is a Novel Type of NMDA Receptor Expressed? 

A number of surprising properties of these recep- 
tors have emerged. In response to suprathreshold 
stimuli, they contribute 24% of the excitatory synap- 
tic drive (Bernard and Wheal, 1995b) when recorded 
as EPSPs. Under whole-cell patch configuration, 
EPSCs at resting membrane potential of —60 mV also 
exhibited larger than normal NMDA component [see 
Fig. 6(A)]. The AMPA-EPSCs was linear in relation 
to holding potentials, while the larger NMDA- 
EPSCs still showed the characteristic voltage depen- 
dence with a negative slope at negative holding po- 
tentials in 1 mM Mg 2 + . However, the voltage 
dependence of the peak amplitude of NMDA-EPSCs 
is reduced in CA1 cells from lesioned rats compared 
with control experiments. As can be seen in Fig. 6(B), 
the negative slope of the I-V plot became sharper 
and shifted to the left. The relative conductance was 
calculated and the half-activation voltage for lesioned 
reduced to —45 mV from -20 mV for control. The 
voltage dependence was also found sensitive to Mg 2 + 
concentrations in the ACSF. When increasing the 
[Mg 2 + ] Q to 2.6 mM, the V-Kplot was brought back in 
line with the control one. These suggested that in 
CA1 cells from lesioned rats, the NMDAR channel 
has a decreased affinity for Mg 2+ and hence a 
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Fig. 6. (A) Measurements and the separation of AMPA and NMDA components of EPSCs from CA1 
pyramidal cells in control and lesioned hippocampal slices. In lesioned slices there was clearly a larger 
NMDA component even at a holding potential of — 60mV..(B) An I-V curve illustrating the reduced 
voltage- dependence of the peak amplitudes of the NMDA EPSCs in 1 mM Mg 24 " that was found in cells 
from lesioned slices. The values are normalized to that at + 30 mV [from Chen et aL (1998)]. 



reduced voltage-dependent Mg 2 " 1 " block (Chen et aL, 
1998). These results also demonstrated a long-term 
(1-4 weeks) change in the functional state of the 
NMDAR channels. Similar functional change of the 
NMDAR channels was also found in the kindling 
model of epilepsy (Kohr et aL, 1993). 

In light of the discovery of molecular and func- 
tional diversity of NMDA subunits (Monyer et aL, 
1992), one possible explanation for the observed 
long-term functional change in NMDAR channels 
following kainic acid lesion is the formation of a new 
subunit composition. An increasing body of evidence 
indicates the activity dependent regulation of 
NMDA receptor subunit expression in brain tissue 
cultures (Audinat et aL, 1994; Resink et aL, 1995). 
Different subunit compositions generate different 
functional states of the NMDA channels, including 
changes in single channel conductance (Stern et aL, 
1992; Farrant et aL, 1994), different Mg 2+ sensitivity 
(Monyer et aL, 1992), diverse regulatory mechanisms 
(Kohr et aL, 1993) and a wide range of pharmaco- 
logical profiles (Laurie and Seeburg, 1994). 

On adult hippocampal CA1 cells, NR1-NR2A 
and NR1-NR2B are the dominant NMDA receptor 
subtypes, which are sensitive to Mg 2+ ions. NR1- 
NR2C subtype is only expressed transiently in post- 
natal days 7-14 (Pollard et aL, 1993), and it is less 
sensitive to Mg 2+ ions. Our electrophysiological 
results indicate the possible reversion switch of 
NMDAR channels to their neonatal form NR1- 
NR2C postlesion. The shift to the left would enable 
the less efficient synapses on the dendritic shaft [see 
Harris and Kater (1994)] to contribute to the excit- 
atory drive. 

2.7. Resultant Changes in Synaptic Plasticity and 
Cell Excitability 

In a model such as the kainic acid lesion hippo- 
campus where there is a failure of GABA A mediated 
synaptic inhibition (Ashwood et aL, 1986; Cornish 
and Wheal, 1989; Simpson et aL, 1991; Williamson 



and Wheal, 1992; Best et aL, 1993, 1994; Bernard 
and Wheal, 1995b) it is possible to focus on the re- 
lationship between the excitatory synaptic drive and 
cellular excitability. Over the past 10 years consider- 
able attention has been given to resolving the role of 
synaptic plasticity in the form of LTP and LTD 
(Bliss and Collingridge, 1993; Bear and Malenka, 
1994) in learning and memory mechanisms. 
However, few groups have thought about the impli- 
cations of plasticity at these excitatory synapses on 
cell excitability. 

Tetanic stimulation of the surviving afferents in 
the lesioned hippocampus produced overall LTP 
(Wheal et aL, 1983; Bliss et aL, 1983). However, this 
synaptic potentiation was made up of two com- 
ponents and whilst the AMPA receptor component 
showed LTP (Bernard and Wheal, 1995a), the 
NMDA mediated synaptic component produced 
LTD (Bernard and Wheal, 1995b). At the level of 
the synapse these two NMDA dependent processes 
were not only inducible but also seemed to be re- 
versible and thus offered no clear explanation as to 
why learning and memory are impaired in some 
patients with epilepsy (Bernard and Wheal, 1996). 

In parallel with the changes in synaptic plasticity 
there was a long-term increase in stimulus induced 
amplitude of the AMPA receptor mediated bursting 
activity and a long-term decrease of NMDA receptor 
mediated bursting activity (Bernard and Wheal, 
1995b,c, 1996). NMDAR antagonists did not prevent 
these excitability changes. Of particular interest was 
the observation in the control hippocampus that use 
of low frequency stimulation resulted in LTD (Bear 
and Malenka, 1994) but with an increase in the excit- 
ability of the cells that was NMDAR independent 
(Bernard and Wheal, 1995d, 1996). We suggested 
that the synaptic-cell excitability coupling was caused 
by a modification of the firing threshold of the CA1 
neurones. Furthermore, that the firing mechanisms 
controlling NMDA and AMPA receptor-mediated 
network bursting activity appeared to be different 
with epilepsy (Bernard and Wheal, 1996). 
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3. NEURAL ADHESION MOLECULES AND 
SYNAPTIC PLASTICITY 

Recent studies on cell recognition molecules have 
revealed similarities between their functions during 
ontogenetic development and in neural plasticity in 
the adult. Observations both at the cellular level in 
vitro and the behavioural level in vivo, suggest that 
altered recognition molecule expression can lead to 
changes in synaptic efficacy and alterations in synap- 
tic function in turn evoke changes in adhesion mol- 
ecule expression. Thus, it appears that 
developmental cell recognition mechanisms can be, 
at least to some extent, recapitulated in the adult. 

As for cells in other tissues, cells in the nervous 
system depend on temporally and spatially precise 
tuning of cellular interactions. Starting with neural 
induction, proliferation and migration of neural 
cells, these continue with determination of develop- 
mental fate and growth cone guidance during early 
embryogenesis, and ultimately ending with cell 
death incumbent with age or neurodegenerative dis- 
orders. Recognition molecules that interact with 
each other on neighbouring cells or with the extra- 
cellular matrix have been implicated in cellular inter- 
actions, traditionally thought of as developmentally 
regulated during critical stages of morphogenesis 
[for recent reviews, see Goodman (1996), Walsh and 
Dohert (1996) and Rutishauser (1996)]. Many recog- 
nition molecules that control such interactions have 
been identified and the number of such molecules 
still increases steadily. Functionally, these molecules 
make cells interact by different mechanisms, for 
example, by contact-mediated attraction and repul- 
sion, or by chemo-attraction and chemo-repulsion, 
which accomplish signalling events over short and 
long distances, respectively. Several families of rec- 
ognition molecules have been identified that are 
thought to associate with each other in lock-and- 
key-type interactions. Among these are molecules of 
the immunoglobulin superfamily, cadherins, integ- 
rins, netrins, semaphorins, laminins, collagens, 
tenascins, proteoglycans and the receptor tyrosine 
phosphatases and kinases (among them the eph- 
receptor family and their ligands, now known as 
ephrins). These molecules appear as- transmembrane 
glycoproteins or extracellular matrix molecules, and 
many of them can exist in multiple forms, either as 
alternatively spliced variants or generated by proteo- 
lytic or phospholipase cleavage, thereby releasing 
them from their cell surface integrated forms. 
Whether these molecules are attractants or repellents 
depends on the environment that acts upon them 
and the signal transduction machinery triggered by 
different receptors in different cell types and at 
different developmental stages. Furthermore, the 
spatial distribution of a recognition molecule is a 
key factor in its attractant or repellent function. A 
recognition molecule can be inhibitory for neurite 
outgrowth when presented as an uphill gradient or a 
steep molecular barrier, but may be conductive to 
neurite outgrowth in a downhill gradient or as an 
uniformly distributed substrate. Adding even more 
complexity to the function of recognition molecules, 
they have been shown to act with each other in 
many ways. These include interactions within the 



membrane of one cell or in the extracellular matrix 
(cw-interactions), or between the cell surfaces of 
neighbouring cells and the cell surface and its sur- 
rounding extracellular matrix (m2rw-interactions). 
Such interactions can be either competitive, that is 
that they can block each other depending on the 
hierarchy of affinities, or they may enhance each 
other by conformational changes that can be trig- 
gered by the simultaneous occupancy of different 
sub-domains of a recognition molecule by its cog- 
nate ligands. Thus, a very complex network of func- 
tional associations and dependencies between 
recognition molecules needs to be accounted for in 
our understanding of neural cell interactions. 

The plethora of recognition molecule functions 
during ontogenetic formation of the nervous system 
has . received considerable attention, being particu- 
larly spurred by the generation and thoughtful in- 
terpretation of transgenic null mutants in worms, 
flies and mice. However, relatively little attention 
has been paid to the function of recognition mol- 
ecules in the adult nervous system, which is also 
capable to form new contacts between cells and to 
rearrange existing ones that determine regeneration 
after trauma and synaptic plasticity. The aim of this 
review is to summarize recent developments in stu- 
dies characterizing the roles of neural recognition 
molecules in synaptic plasticity in the adult nervous 
system of vertebrates and invertebrates. Such inves- 
tigations have shown an involvement of these mol- 
ecules on the morphogenetic level of synaptic 
changes, on the one hand, and signal transducing 
effects, on the other. These studies have aimed at a 
deeper understanding of the similarities and differ- 
ences in recognition molecule function during onto- 
genetic development and in the adult, and suggest 
highly conserved functions of recognition molecules 
in vertebrates and invertebrates. The view emerges 
that plastic changes in the functions of synapses 
recapitulate, at least to some extent, the molecular 
mechanisms underlying the formation of neuronal 
networks during development. 

3.1. Changes in the Expression of the Neural Cell 
Adhesion Molecule 

Indications as to the involvement of neural recog- 
nition molecules in synaptic plasticity emerged when 
the major isoform of neural cell adhesion molecule 
(NCAM), comprising the longest cytoplasmic 
domain of the three major NCAM isoforms 
(NCAM 180) was found in some synapses but not 
in others (Persohn et al. 9 1996). NCAM 180 inter- 
acts with the membrane-cytoskeleton linker protein 
spectrin which is highly enriched in PSDs and shows 
a highly reduced lateral mobility within the surface 
membrane, when compared to NCAM 140 
(Pollerberg et aL, 1986). This observation led to the 
hypothesis that NCAM 180 may be crucial for the 
stabilization of cell contacts at synaptic sites. This 
idea was supported by the observation that the per- 
centage of synapses expressing detectable levels of 
NCAM 180 postsynaptically increased by almost a 
factor of two 24 hr after long-term potentiation of 
the perforant path (T. Schuster, M. Krug, H. 
Hassan, M. Schachner, unpublished data). The cor- 
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relation with synaptic strengthening was underscored 
by the observation that shaft synapses or spine 
synapses in the inner part of the molecular layer, 
which are not triggered by the perforant path, did not 
change their expression of NCAM 180. Furthermore, 
a stimulation protocol that led to a less drastic 
increase in long-term potentiation was also less effec- 
tive in raising the percentage of NCAM 180-positive 
synapses. The increase of NCAM 180 expression in 
the appropriate synapses and the appropriate part of 
the molecular layer could be inhibited by a non-com- 
petitive antagonist of the NMDA glutamate receptor 
subtype known to be involved in synaptic strengthen- 
ing. In animals undergoing low frequency stimu- 
lation, the percentage of NCAM 180 positive 
synapses was decreased when compared to non-trea- 
ted controls. Intriguingly, one trial training in an 
active avoidance task, evoked subtle changes in the 
distribution pattern but not in density of NCAM 
molecules in synaptic membranes 5-6 hr after train- 
ing in a brain area involved in this particular learning 
task (Rusakov et aL, 1994). A significantly higher 
proportion of active zones were found to contain 
NCAM immunoreactivity after training, with the 
highest accumulation of NCAM at the edges of 
synaptic active zone profiles (Skibo et aL, in press). 
The polysialic acid-containing form of NCAM, 
known for its promotion of neurite outgrowth, redis- 
tributes to the edges only in the trained but not in 
control groups. Furthermore, the polysialylated form 
of NCAM 180 is increased in a passive avoidance 
learning paradigm (Doyle et aL, 1992). Waves of 
increased and decreased polysialic acid expression 
could also be found under multi- trial learning con- 
ditions (Murphy et aL, 1996). The combined obser- 
vations indicate that a strengthening of synaptic effi- 
cacy leads to an increase in expression and change in 
distribution of NCAM isoforms, possibly as an early 
step in synaptic strengthening and/or remodelling. 

The search for a causal relationship between ad- 
hesion molecule function and synaptic plasticity in 
vertebrates was initiated in experiments using anti- 
bodies and fragments of adhesion molecules as in- 
hibitors, competitors or triggers of cell adhesion 
molecule function. Fragments of integrins and anti- 
bodies to NCAM and to LI, another adhesion mol- 
ecule of the immunoglobin superfamily, were shown 
to interfere with long-term potentiation in vitro and 
with different learning paradigms in vivo (Arami et 
aL, 1996; Liithi et aL 9 1994; Ronn et aL, 1995; 
Scholey et aL, 1993, 1995; Doyle et aL, 1992; Staubli 
et aL, 1990; Bahr et aL, 1997). In addition, the poly- 
sialic acid of NCAM was found to be involved in 
long-term potentiation in vitro and learning in vivo: 
removal of this carbohydrate by the specific enzyme 
endoneuraminidase N decreased synaptic plasticity 
(Becker et aL, 1996; Muller et aL, 1996b). Similarly, 
NCAM null mutants have been shown to be 
impaired in learning and memory in a spatial learn- 
ing test (Cremer et aL, 1994). Intriguingly, this 
impairment in spatial learning was seen in the con- 
text of increased anxiety and aggression probably 
mediated by the serotonin 1A receptor which is pre- 
ferentially expressed in the limbic system (Stork et 
aL, 1997; Stork et aL, submitted — a). Dose-response 
curves using specific agonists of the serotonin 1A 



receptor, point to the sensitization of this receptor 
subtype as a direct or indirect consequence of the 
ablation of the NCAM molecule in this mutant. 
Reconstitution of NCAM 180 expression in an 
NCAM null mutant background obtained by cross- 
breeding NCAM null mutant mice with transgenic 
mice overexpressing NCAM 180 driven by the neur- 
on specific neurofilament promoter largely reversed 
the receptor sensitization and the abnormal beha- 
viour of NCAM null mutant mice to normal (Stork 
et aL, submitted — b). A relationship between 
NCAM function and the AMPA glutamate receptor 
subtype has also been seen, in that removal of poly- 
sialic acid of NCAM enhances the sensitivity of this 
receptor for glutamate (Hoffman et aL, 1996). Thus, 
NCAM may modulate neuronal excitability through 
different signal transduction pathways. 

Another interesting mechanism highlighted by 
more systematic studies of a mutant deficient in Thy- 
1 (Nosten-Bertrand et aL, 1996; Errington et aL, 
1997), another recognition molecule of the immuno- 
globulin superfamily, has emerged from investi- 
gations on the inhibitory mechanisms underlying 
long-term potentiation in vitro and in vivo. These stu- 
dies point to a subtle deficit in the release mechanisms 
of the inhibitory, GABAergic interneurons in the hip- 
pocampus (I. Soltesz, personal communication), that 
was accompanied by impaired long-term potentiation 
in vitro and, to some extent, in vivo. However, the 
Thy-1 null mutant mice have so far not shown any 
impairment in spatial learning, underscoring previous 
findings that deficits in long-term potentiation do not 
always correlate with deficits in learning. 

The combined observations point to exciting 
future venues of research in this area: the dissection 
of the relation between neurotransmitter receptors 
and adhesion molecules, possibly linked to ion chan- 
nel function (Sontheimer et aL, 1990). Furthermore, 
these studies aim at resolving some of the problems 
inherent in antibody perturbation studies and work 
with null mutant animals: do the antibodies interfere 
with cell recognition or do they modify intercellular 
signalling cascades that result in modifications of 
almost any second messenger system that has been 
investigated so far [see Wong et aL (1996) also for 
references], including the pivotal second messenger 
Ca 2+ . Some of the short-term effects that are seen 
within minutes after application of antibodies or 
fragments of adhesion molecules are most likely re- 
lated to perturbation of intracellular signalling cas- 
cades. These could impinge on the ability to induce 
long-term potentiation by meddling with the pool of 
second messenger systems mediating synaptic 
changes. On the other hand, they may interfere with 
long-term morpho genetic events underlying changes 
in synaptic strength either by masking or simulating 
recognition at the cell surface. 

3.2. NCAM in Aplysia 

The importance of NCAM in synaptic plasticity is 
emphasized by a strict conservation of its impact in 
synaptic plasticity in phylogenetic evolution. A close 
homolog of NCAM in the marine mollusc Aplysia 
californica, called apCAM, was first discovered as a 
molecule that is down-regulated in expression during 
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long-term facilitation, a form of synaptic plasticity 
of sensory and motor neurons in the gill-withdrawal 
reflex of this animal (Mayford et aL, 1992). In ad- 
dition to a reduction of newly synthesized apCAM, 
there was also a reduction in the expression of the 
transmembrane apCAM isoform at the cell surface 
of sensory, but not motor neurons, likely due to 
endocytotic internalization. This internalization pro- 
cess required new protein synthesis — a defining fea- 
ture of long-term memory and growth of new 
synaptic connections. Antibodies recognizing the 
extracellular domain of NCAM cause defascicula- 
tion of sensory neurons (Keller and Schachner, 
1990), a trait proposed to be necessary for the for- 
mation of new synaptic connections. Long-term fa- 
cilitation and decrease of apCAM expression at the 
cell surface of sensory neurons could also be 
achieved through application of serotonin that 
modulates synaptic efficacy through elevation of 
cyclic AMP and protein kinase A in the sensory 
neuron (Bailey et aL, 1992). During this process, the 
mitogen-activated protein (MAP) kinase may phos- 
phorylate the cytoplasmatic domain of apCAM 
(Bailey et aL, 1997) and translocate into the nucleus 
of the sensory neuron (Martin et aL, 1997). Training 
for long-term memory thus leads to reduction of 
apCAM expression at the cell surface, correlating 
with increases in synaptic strength. 

3.3. The Genetics of NCAM in Drosophila 

A major step forward in dissecting the different 
aspects of synaptic plasticity has come from work in 
Drosophila, an organism that allows the use of gen- 
etic manipulations to control the sites and levels of 
NCAM expression (Schuster et aL, 1996a,b; Davis 
et aL, 1996). The nerve-muscle synapse, in which in- 
dividual motor cells and their target muscles can be 
identified, was studied at both structural and physio- 
logical levels. As many other types of synapses, this 
synapse can undergo activity-dependent alterations. 
Fasciclin II, the molecule most homologous to 
NCAM in vertebrates and apCAM in Aplysia, is 
present both pre- and postsynaptically. It is not 
required for synapse formation during development, 
but is necessary for the stabilization of the synapse 
by trans-interacting. Hypomorphs expressing half 
the normal dose of fasciclin II have an increased 
number of synaptic boutons when compared to wild 
type animals, indicating that the concentration of 
fasciclin II regulates sprouting and the ability of 
neurons to form new synapses. Interestingly, a 
mutant in the ergShaker K + channel and a mutant 
in the cyclic AMP specific phosphodiesterase 
(dunce) showing elevated intracellular cyclic AMP 
concentrations display increased synaptic sprouting 
accompanied by a surprising down-regulation of fas- 
ciclin II expression by approximately one half. This 
increase in synaptic sprouting is suppressed in trans- 
genic animals expressing wild type concentrations of 
fasciclin II, suggesting that the down-regulation of 
fasciclin II is not only sufficient, but also necessary 
for activity-dependent synaptic growth. Synaptic 
efficacy is, however, not increased in animals expres- 
sing only half the dose of fasciclin II. This may be 
related to the fact that wild type levels of the neuro- 



transmitter release machinery is distributed through- 
out more presynaptic endings in the mutants. In 
fasciclin II hypomorphic animals the presynaptic 
release machinery is upregulated by a cyclic AMP re- 
sponse element binding protein (CREB)-mediated 
mechanism, involving cyclic AMP- and protein 
kinase A-mediated transcription. These experiments 
suggest, as previously indicated by the experiments 
in Aplysia, mat fasciclin II down-regulation may not 
only relieve a restraint on growth of presynaptic 
membranes, but predisposes the synapse for struc- 
tural and functional alterations. The experiments 
also raise the questions about a causal link between 
fasciclin II expression and functional consequences 
at the synapse: is fasciclin II exerting its effects via 
modulation of cell recognition, thus modulating 
long-term morphology of the presynaptic structural 
elements, or does fasciclin II influence signal trans- 
duction mechanisms which then alter second messen- 
ger cascades that will then influence presynaptic 
morphology and the presynaptic release machinery? 
The results in Drosophila are in agreement with find- 
ings in NCAM null mutant mice which show mor- 
phological abnormalities of the mossy fibre pathway 
in the hippocampus (Cremer et aL, 1997) and inspire 
a search for morphogenetic alterations in limbic sys- 
tem structures involved in aggression and anxiety. 
Whether the abnormal pheno types observed in the 
NCAM and fasciclin II mutations are related to the 
dysregulated expression of other adhesion molecules 
will also need investigation. By studying both genetic 
and antibody-mediated perturbations of adhesion 
molecules a comprehensive picture of adhesion mol- 
ecule function relating to morphogenesis and signal 
transduction will likely emerge. 

3.4. Different Mechanisms in Different Species? 

An interesting problem pertains to the obser- 
vation that in vertebrates, an increase in NCAM ex- 
pression relates to synaptic plasticity, while in 
invertebrates a reduction of NCAM at the cell sur- 
face has been correlated with synaptic strengthening. 
The evidence that different isoforms of NCAM inhi- 
bit or enhance axon growth in vertebrates is there- 
fore an important consideration. For instance, 
enhanced expression of NCAM containing the 
VASE exon leads to decreased neurite outgrowth 
when compared to the NCAM isoform not expres- 
sing this exon (Doherty et aL, 1992). Furthermore, 
the presence of the polysialic acid on NCAM leads 
to increased neurite outgrowth when compared to 
NCAM isoforms which do not carry this carbo- 
hydrate. It is interesting in this respect that polysia- 
lic acid is upregulated in synapses expressing 
increased levels of NCAM 180. Thus, it is conceiva- 
ble that in vertebrates different ways of regulating 
morphogenetic alterations and signalling cascades 
have been acquired during evolution by structural 
modifications of adhesion molecules, while in invert- 
ebrates the functional properties of adhesion mol- 
ecules are changed by alterations in their quantities 
at the cell surface. These possibilities need to be 
investigated by paying attention to the expression of 
alternatively spliced forms and post-translational 
modifications of adhesion molecules. 
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3.5. Ectopic Expression of LI 

Does perturbation of adhesion molecule function 
necessarily lead to a decrease in synaptic plasticity? 
A physiological perturbation of adhesion molecule 
function in vivo has been achieved by generating a 
transgenic mouse that expresses LI ectopically in 
astrocytes, where it is normally not present in vivo 
either at early or later stages of development. In the 
Morris water maze, these mice learned the position 
of an invisible target platform more quickly than 
their normal wild type litter mates, searched more 
selectively in the target quadrant and relearned 
more quickly the position of the platform after relo- 
cation (Wolfer et al, in press). The improved per- 
formance of these LI overexpressing mice was even 
more pronounced in aged mice (almost 2 years old) 
than in young adult mice {ca 3 months old). It will 
be interesting to see by which mechanisms the ecto- 
pic expression of LI by astrocytes enhances the 
learning capabilities. 

3.6. Cadherins and Amyloid Precursor Protein in 
Synaptic Plasticity 

Two other groups of adhesion molecules have led 
to exciting insights into recognition molecule- 
mediated signalling during development in the last 
year. One concerns the cadherins and their possible 
involvement in synaptic plasticity via intracellular 
signalling to the nucleus. The other relates to a con- 
nection between the amyloid precursor protein 
(APP) and the presenilins in conjunction with 
Alzheimer's disease [AD; Yankner (1996)]. 

Cadherins are likely to be involved in synapse for- 
mation (Fannon and Colman, 1996) during develop- 
ment and, since they remain expressed in synaptic 
membranes in the adult (Beesley et al, 1995; Uchida 
et al, 1996; Cifuentes-Diaz et al, 1994, 1996), they 
may also contribute to synaptic modifications. 
Cadherins are homophilic adhesion molecules that 
convey signals from the cell surface to the cytoplasm 
via their association with catenins (Kypta et al, 
1996). The extracellular wingless/wnt protein that 
signals, at least in part, through a cell surface recep- 
tor encoded by the frizzle gene competes with the 
binding of cadherins to catenins [for a review, see 
Huber et al (1996a,b), Orsulic and Peifer (1996) and 
Sanson et al (1996)]. Wingless is an important regu- 
lator of cell fate in early embryogenesis, as an induc- 
tor of neurulation in the dorsalizing centre (Fagotto 
et al, 1997; Molenaar et al, 1996). Since catenins 
can migrate to the cell nucleus where they interact 
with the transcription factor LEF-1 (Behrens et al, 
1996; Huber et al, 1996a,b), the intriguing possi- 
bility arises that catenins serve in the functional 
cross-talk between recognition molecules and deter- 
minants of cell fate by regulating transcription. It 
will be interesting to see the consequences of this 
cross-talk in synaptic plasticity. 

Another intriguing crosstalk among recognition 
molecules, namely APP and notch [for a recent 
review, see Campos-Ortega (1996)], has become 
apparent in studies on the function of presenilins 
with regard to AD (Haass, 1997). Mutations in the 
two presenilins cause abnormal processing of APP 



and deposition of the A/? fragment of APP leading 
to formation of amyloid plaques and neurodegen- 
erative disorders. The functional and structural 
interplay between presenilins and APP are yet 
unknown. In the context of synaptic plasticity, it is 
noteworthy that APP is highly expressed in axons 
and at the synapse. As the presenilins have also 
been found to be expressed in neurons (Lee et al, 
1996), they may act in concert with APP at the 
synapse in the adult stage. Since APP is released 
under conditions of long-term potentiation (Fazeli 
et al, 1994) and mice with mutant forms of APP 
show drastically abnormal behaviour in spatial 
learning tasks (Muller et al, 1994), it will be inter- 
esting to see the impact of presenilins on synaptic 
plasticity. Presenilins also influence the functions of 
the cell adhesion molecule notch either directly or 
indirectly: notch, a neurite outgrowth promoting cell 
surface glycoprotein with EGF-like repeats— charac- 
teristic of many neural recognition molecules — may 
only reach the cell surface in the presence of normal 
presenilins. Mutated presenilins may thus not be 
able to chaperone the notch protein to the cell sur- 
face. Alternatively, presenilins may associate with 
notch at the cell surface to ensure proper signalling 
to the cell interior. Although presenilins and notch 
have yet to be localized to synaptic membranes, it 
remains an intriguing possibility that the two recog- 
nition molecules, APP and notch, depend in their 
normal function and processing on the activity of 
presenilins. With the availability of mutants and 
antibodies for the three proteins this interrelation- 
ship is amenable to further studies. 

3.7. Tenascin-C and Synaptic Plasticity During 
Development and in the Adult 

Finally, the question of how developmental mech- 
anisms in synapse formation and plasticity may be 
related to functional changes of synaptic strength in 
the adult may be addressed by investigations on the 
extracellular matrix glycoprotein tenascin-C [for 
review, see Faissner and Schachner (1995)]. 
Tenascin-C regulates neurite outgrowth in rather 
unconventional ways. When present as a uniform 
substrate, it enhances neurite growth and curbs den- 
dritic growth. When presented as a molecular barrier 
adjacent to a neurite outgrowth conducive molecule, 
it interferes with neurite outgrowth. Tenascin-C is 
highly expressed in early phases of neural develop- 
ment and becomes down-regulated in the adult. 
However, it remains detectable in brain areas known 
to be involved in synaptic plasticity, such as the 
hypothalamus, the hippocampus and the cerebellum. 
Expression of tenascin-C, for instance in the somato- 
sensory cortex, is down-regulated concomitantly 
with the segregation of afferent synaptic inputs from 
the thalamus (Mitrovic et al, 1996). When segre- 
gation of afferent inputs is inhibited by the NMDA 
glutamate receptor antagonist MK801, the develop- 
mental down-regulation of tenascin-C is prevented, 
suggesting that tenascin may be involved in synapse 
elimination. Thus, tenascin-C expression coincides 
with the maintenance of synaptic malleability during 
development. Whether it is causally linked to keeping 
synapses in a prestabilized state remains to be seen. 
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A correlation between tenascin expression and in- 
duction of changes in synaptic remodelling in the 
adult could be shown in an animal model of epilepsy 
(Nakic et aL, 1996a,b; Nakic et aL, in press). Within 
4 hr after injection of the excitotoxin kainic acid, 
and the occurrence of seizures, tenascin-C was upre- 
gulated in areas of the hippocampus undergoing 
plastic changes coincident with activation of granule 
cell neurons and sprouting of axon terminals. This 
upregulation of tenascin mRNA was followed 24 hr 
later by an upregulation of tenascin-C protein. 
Thirty days afterwards tenascin-C was again down- 
regulated in neurons. In another synaptic activation 
paradigm in the hippocampal dentate gyrus, tenas- 
cin-C mRNA levels were increased in the granule 
cell layer 4 hr after tetanization (Nakic et aL, 
1996a,b; Nakic et aL, in press). This was again fol- 
lowed by a peak of tenascin-C protein expression in 
the areas of synaptic remodelling. Inhibitors of the 
NMDA and metabo tropic glutamate receptor sub- 
types prevented these changes in tenascin expression. 
Thus, tenascin-C expression appears to be correlated 
with changes in synaptic efficacy and remodelling. 

That tenascin-C is indeed necessary for synaptic 
remodelling has become apparent in a learning para- 
digm involving acoustic imprinting in newly hatched 
chicken (Metzger et aL, 1995; Metzger et aL, sub- 
mitted). Application of the monoclonal anti- tenascin 
antibody Tn68 into the brain areas involved in this 
type of learning completely abolished imprinting. 
Since tenascin-C is an extracellular matrix molecule, 
these antibodies must mask a functionally relevant 
domain on the tenascin molecule, possibly interfer- 
ing with the binding of this domain to a transmem- 
brane receptor, which will need to be identified. As 
control, monoclonal antibody 578 reacting with 
another epitope on the tenascin-C molecule did not 
interfere with learning. The prediction from these 
experiments is that application of tenascin-C or 
fragments thereof to brain areas undergoing synap- 
tic remodelling will enhance synaptic flexibility. 
Interestingly, mutant mice expressing decreased 
levels and abnormal forms of tenascin-C develop 
relatively normally, but show alterations in several 
neurotransmitter systems and behavioural deficits 
(Fukamauchi et aL, 1996). These observations 
suggest that alterations in synaptic strength and 
remodelling may be generated by similar molecular 
strategies during development and in the adult. 



3.8. Questions Remaining 

The last year has witnessed a tightening of the 
link between recognition molecule function and 
synaptic plasticity not only during development, but 
particularly in the adult. The involvement of recog- 
nition molecules in changing synaptic strength and 
in remodelling of synapses has become even more 
tangible. However, we need to know: 

. • Do different synapses use different recognition 
molecules and/or different glycans carried by rec- 
ognition molecules? 
• Are some recognition molecules necessary for on- 
togenetic development not involved in synaptic 
plasticity? 



• Do the various molecules modify synaptic activity 
pre- or postsynaptically? 

• Do recognition molecules promote morphological 
changes such as size and shape of synaptic con- 
tacts, elaboration of spines, dendritic or axonal 
branching patterns and cell-specific connectivity 
after functional modification of synaptic strength? 

• Contributions of glial cells to interactions with 
synaptic membranes also need to be studied. 
Since recognition molecules are known to influ- 
ence the intracellular signalling cascades of second 
messenger systems, pressing question is how ad- 
hesion molecules will intermingle with signal 
transduction pathways known to be crucial in reg- 
ulating synaptic strength. Clearly, this will be an 
extremely difficult problem to solve, since any 
alteration in signalling pathways will entail a cas- 
cade of changes, the extent and ramifications of 
which will resist easy dissection. 

• Finally, how can morphological changes and 
alteration in signalling mechanisms be translated 
into long-term modifications at the synapse, invol- 
ving the stabilization or destabilization of net- 
work interplays? 



4. ROLE OF LOW DENSITY LIPOPROTEIN 
RECEPTOR GENE FAMILY AND THEIR 
LIGANDS IN STRUCTURAL AND 
FUNCTIONAL PLASTICITY: REAL PLAYERS 
OF INNOCENT BYSTANDERS? 

The presence of many members of the LDL-R 
family along with their ligands in the brain suggests 
that they may have important active roles in main- 
taining lipid transport and homeostasis. Recent evi- 
dence suggests that members of the LDL-R family 
of genes and their ligands play by themselves pivotal 
roles in the development of the brain and in regulat- 
ing the growth and remodelling of neurones. Most 
members of the LDL-R superfamily identified so far 
recognize multiple apo and non-apo ligands. This 
pluripotency indicates that they have functions 
beyond the endocytosis of lipoproteins, at the same 
time challenging the conventional "one receptor- 
one ligand" concept of receptor biology. 

The prototype member of the LDL-R family is 
the LDL-R (Brown and Goldstein, 1986). Its major 
function is to mediate the cellular uptake of LDL. 
The LDL-R has a key role in regulating cellular and 
systemic cholesterol homeostasis; inborn defects of 
the LDL-R represent the molecular cause of familial 
hypercholesterolemia. The LDL-R is a membrane- 
spanning glycoprotein consisting of five structural 
domains (cf Fig. 7). LDL-R are expressed at varying 
levels in almost every type of cell or tissue. In the 
central nervous system (CNS), oligodendrites 
express LDL-R. 

The LDL-R has two major ligands, apo B-100 
and apo E (Brown and Goldstein, 1986; Siidhof et 
aL, 1985). Apo B-100 is not produced in the CNS 
(Osman et aL, 1995). Apo E is a 34 kDa glyco- 
protein. In human plasma, apo E is associated with 
triglyceride-rich lipoproteins and high-density lipo- 
protein (HDL) (Mahley, 1988). Apo E also serves as 
a ligand of other members of the LDL-R gene 
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LDL-R apoE-R2 VLDL-R LRP gp330/ LR11/ 

megalin sorLA-1 

Fig. 7. Structure of the LDL receptor and the LDL receptor related protein. (A) The LDL-R contains 
five domains. The aminoterminal domain is responsible for the binding of ligands; it is rich in cyteine 
residues and consists of seven homologous complement-type repeats in which the positions of six cysteine 
residues are highly conserved. Each of these cysteine residues is involved in the formation of disulphide 
bonds. The binding of apo-B-100 and apo-E to the complements type repeats is mediated by clusters of 
negatively charged amino acid residues (glutamate and aspartate) between the fourth and the sixth 
cysteine residue. When these residues are protonized in the endosomes ligand molecules are released 
from its binding to the receptor. The second domain of the LDL-R shares a high degree of homology 
with the epidermal growth factor precursor. This domain consists of two cysteine-rich growth factor type 
repeats, a spacer region, and a third growth factor type repeat. The EGF precursor homologous region 
is required for the pH-dependent dissociation of the receptor from the ligand in the compartment of 
uncoupling receptor and ligand (CURL) (Davis et al, 1987). The third domain contains 18 threonine or 
serine residues and O-linked carbohydrate residues. The transmembrane region consists of 22 hydro- 
phobic amino acid. The cytoplasmic domain mediates the clustering of receptor molecules in coated-pits 
and the sorting of receptors to the basolateral cell surface in polarized cells (Yokode et al., 1992; Matter 
et al, 1992). (B) LRP contains 31 complement type repeats, arranged in four clusters of 2, 8, 10 and 11 
repeats (Herz et al., 1988). There are 22 growth factor repeats compared to three in the LDL-R. The 
growth factor repeats are constituents of four complete and four truncated EGF precursor homology 
regions (consisting of two EGF type cysteine repeats, a spacer region and a further EGF repeat). The 
cytoplasmic domain of LRP contains 100 amino acids, is thus twice as long as the cytoplasmic domain 
of the LDL-R. It contains two NPYX motif which serve as internalization signal. Mature LRP is a het- 
erodimer of two non-covalently linked subunits with apparent molecular masses of 515 and 85 kDa, re- 
spectively. They arise from a monomeric 600 kDa precursor which is endoproteolytically cleaved by 
furin in the trans-Golgi complex (Willnow, 1996; Herz et al., 1990a,b). The 515 kDa subunit lacks the 
membrane-spanning region, but it contains all of the ligand binding repeats present in LRP (Herz et al., 
1990a,b). The 85 kDa fragment encompasses the transmembrane region and the cytoplasmic tail. 



family including LDL receptor related protein [LRP; 
Kowal et al (1989) and Beisiegel et al (1989)], the 
very low-density lipoprotein receptor [VLDL-R; 
Takahashi et al. (1992)], the apo E-R2 (Kim et al, 
1996a) and LRU (Yamazaki et al, 1996; Jacobsen 
et al, 1996). Beyond this apo E is highly effective in 
promoting the efflux of non-esterified cholesterol 



from cells (Huang et al, 1994; von Eckardstein et 
al, 1995). Apo E is polymorphic in sequence. 

Three common alleles designated e2, e3, e4 at the 
apo E locus, give rise to six genotypes. Apo E3, the 
most frequent isoform, has arginine at position 112 
and cysteine at position 158. Apo E4 has arginine, 
and apo E2 has cysteine at both positions (Mahley, 
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1988). Apo E2 is defective in binding to lipoprotein 
receptors (Schneider et ah, 1981; Lalazar et ah, 
1988). Among the functional differences between 
apo E4 and apo E3 is that apo E4 preferentially as- 
sociates with VLDL, whereas apo E3 associates 
with HDL (Dong et ah, 1994; Dong and 
Weisgraber, 1996). 

In the CNS, apo E mRNA is found in astrocytes 
and glial cells; in the peripheral nervous system non- 
myelinating glial cells express apo E (Boyles et ah, 
1985; Lin et ah, 1986; Pitas et ah, 1987; Garcia et 
ah, 1996). Neurones produce virtually no apo E. 

4.1. Apo E Responsible for Maintenance of Synaptic 
and Cognitive Function 

In mice deficient in apo E, Masliah et ah (1995) 
observed losses of synaptophysin in nerve terminals 
and of microtubule-associated protein 2-immuno- 
reactive dendrites in the neocortex and hippo- 
campus, demonstrating that apo E is needed to 
maintain the integrity of the synapto-dendritic ap- 
paratus and Gordon et ah (1995) showed that the 
histomorphological alterations may translate in bio- 
chemical (low brain choline acetyltransferase activi- 
ties in the hippocampus and frontal cortex) and 
cognitive impairment. 

In recent years, a number of homologues of the 
LDL-R have been identified: the LRP (Herz et ah, 
1988) the kidney membrane glycoprotein gp330 
(Saito et ah, 1994); the VLDL receptor (Takahashi et 
ah, 1992); the apo E receptor 2 (Kim et ah, 1996a); the 
LRU (Yamazaki et ah, 1996; Jacobsen et ah, 1996); 
and a VLDL receptor-like cell surface molecule pre- 
sent at high levels in the brain (Novak et ah, 1996). 

Mature LRP consists of 4525 amino acids (Herz 
et ah, 1988). The extracellular domain of LRP con- 
tains multiple copies of motifs also found in the 
LDL-R, including the cysteine-rich ligand binding 
domain and the EGF precursor homology region 
including growth factor repeats. The O-linked sugar 
domain is missing in the LRP (for details cf Fig. 7). 

LRP is an endocytotic receptor (Herz et ah, 
1990a,b). The ligands of LRP can be divided into 
lipoprotein-related ligands, protease-antiprotease 
ligands, and miscellaneous. The lipoprotein-related 
ligands include apo E (Kowal et ah, 1989; Beisiegel 
et ah, 1989), apo B-100 (Wu and Pizzo, 1996), apo 
(a) (Marz et ah, 1993), lipases (Nielsen et ah, 1995; 
Argraves et ah, 1995; Chappell et ah, 1994; 
Kounnas et ah, 1995a,b). Other ligands are lactofer- 
rin (Meilinger et ah, 1995), Pseudomonas aeruginosa 
exotoxin A (Willnow and Herz, 1994), thrombos- 
pondins (Chen et ah, 1996a,b; Godyna et ah, 1995), 
viruses (Hodits et ah, 1995; Marchetti et ah, 1996), 
the malaria circumsporozoite protein (Shakibaei and 
Frevert, 1996), activated a2-macroglobulin (a2M) 
(Nielsen et ah, 1996), tissue factor pathway inhibi- 
tor- 1 (TFPI-1) (Narita et ah, 1995; Warshawsky et 
ah, 1996), the Kunitz domain containing isoform of 
the amyloid precursor protein (APPs-770) (Kounnas 
et ah, 1995a,b) and a wealth of complexes of other 
proteases and their endogenous antiproteases (Orth 
et ah, 1994; Noorman et ah, 1995; Horn et ah, 1995; 
Stefansson et ah, 1996; Kounnas et ah, 1996; 
Bonner et ah, 1995; Conese et ah, 1995). 



When Strickland et ah (1991) prepared LRP from 
human placenta they co-purified a 39 Mr protein 
which they named receptor-associated protein 
(RAP). In the brain, RAP mRNA is ca 100-fold 
more abundant than in the liver (Bu et ah, 1994a,b). 
In vitro this protein inhibits the binding of many 
ligands to LRP (Kounnas et ah, 1992; Herz et ah, 
1991; Orth et ah, 1992; Bu et ah, 1992; Moestrup 
and Gliemann, 1991). In the human glioblastoma 
cell line U87, LRP and RAP protein partially colo- 
calized within the rough endoplasmic reticulum and 
the Golgi complex, suggesting intracellular inter- 
action of the two proteins; in contrast, little RAP 
was found in the endosomes in which LRP occurred 
abundantly (Bu et ah, 1994a,b). RAP does not 
appear to be secreted from cells in vivo, but may 
serves as a chaperone (Willnow et ah, 1995, 1996a,b; 
Bu and Rennke, 1996) by inhibiting premature bind- 
ing of ligands in the endoplasmic reticulum. 

LRP is expressed in fiver parenchymal cells (Herz 
et ah, 1988) and the syncytiothrophoblast of the pla- 
centa (Gafvels et ah, 1992; Jensen et ah, 1988). In the 
CNS, LRP is mainly found in neurones of the hippo- 
campus and the entorhinal cortex and in glial cells 
(Bu et ah, 1994a,b; Moestrup et ah, 1992; Wolf et 
ah, 1992; Tooyama et ah, 1993; Lopes et ah, 1994). 
In rats, LRP mRNA emerges in the brain as early as 
in the 18 day old embryo and is continuously 
expressed thereafter, suggesting that it is involved in 
brain development (Ishiguro et ah, 1995). 

The VLDL-R was cloned from a rabbit heart 
cDNA library (Takahashi et ah, 1992). The VLDL-R 
is highly homologous to the LDL-R, but contains 
eight complement type ligand binding repeats, in con- 
trast to seven in the LDL-R. The VLDL-R is mainly 
found on the luminal surface of endothelial cells of 
the heart, the muscle, the adipose tissue and the brain 
(Gafvels et ah, 1994; Jokinen et ah, 1994; Wyne et ah, 
1996; Webb et ah, 1994; Oka et ah, 1994). Apart from 
apo E (Takahashi et ah, 1996; Niemeier et ah, 1996) 
and RAP (Pfistermuller et ah, 1996), the VLDL-R 
has been shown to recognize LPL (Argraves et ah, 
1995), uPA and complexes of uPA and PAI-1 
(Heegard et ah, 1995). Unlike the LDL-R, the 
VLDL-R displays relaxed specificity towards mutant 
forms of apo E (Takahashi et ah, 1996). 

The VLDL-R is believed to have a role in the 
delivery of triglyceride-rich lipoproteins to extrahe- 
patic tissues, mainly adipose and muscle. In the 
brain, the VLDL-R is present on resting and acti- 
vated microglia, particularly in senile plaques of 
patients with AD. VLDL-R immunoreactivity is 
also found in cortical neurons. 

The apo E receptor 2 (apo E-R2) consists of five 
functional domains resembling the LDL-R and the 
VLDL-R. The apo E-R2 is able to bind and interna- 
lize apo E-enriched /TVLDL. It is most highly 
expressed in human brain and placenta, but hardly 
in any other tissue. Within the brain, transcripts are 
found in the cerebellar cortex, choroid plexus, epen- 
dyma, hippocampus, olfactory bulb and, to a much 
lesser extent, in the cerebral cortex. In the cerebellar 
cortex, the receptor transcripts were densely depos- 
ited in Purkinje cell somata (Kim et ah, 1996a). The 
role of this receptor in CNS is not known. 
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Gp330/megalin is the autoantigen of Heymann's 
nephritis (Orlando et al, 1992, 1995), an auto- 
immune glomerulonephritis in rats. The extracellular 
region of human gp330/megalin contains a total of 
36 LDL-R ligand-binding repeats in four distinct 
clusters, 16 growth factor repeats and one epidermal 
growth factor-like repeat. There is a single transmem- 
brane region and an intracellular C- terminus con- 
taining two copies of the internalization signal and, 
interestingly, several Src-homology 3 recognition 
motifs, one Src-homology 2 recognition motif for the 
p85 regulatory subunit of phosphatidylinositol 3- 
kinase, along with sites for protein kinase C, casein 
kinase II and cAMP-/cGMP-dependent protein 
kinase. Gp330/megalin is predominantly present in 
epithelial cells including the neuroepithelium, com- 
pared to LRP which is expressed mainly in cells of 
mesenchymal origin (Zheng et al, 1994; Willnow et 
al, 1996a,b). Gp330/megalin knockout mice die peri- 
natally from respiratory insufficiency. In the brain of 
these mice, impaired proliferation of the neuroepithe- 
lium produces a holoprosencephalic syndrome (lack 
of olfactory bulbs, forebrain fusion and a common 
ventricular system) (Willnow et al, 1996a,b). 

LRU is another member of LDL-R gene family 
described very recently (Yamazaki et al, 1996; 
Jacobsen et al, 1996). LR1 1 is a 250 kDa membrane 
protein. Its extracellular portion contains a cluster 
of 1 1 LDL-R ligand binding repeats, a group of five 
LDL-R YWTD repeats, six tandemly arranged 
fibronectin type III repeats reminiscent of neural ad- 
hesion molecules and a domain with similarity to a 
yeast receptor for vacuolar protein sorting. The 
cytoplasmic domain has features characteristic of 
endocytosis-competent receptors. LRU is expressed 
abundantly in the spinal cord and in the brain, in 
particular in the hippocampus, dentate gyrus, and 
cerebral cortex, and is present at significant levels in 
liver, adrenal glands and testis as well. LRU is able 
to bind apo E and RAP. 



4.2. LDL-R and Alzheimer's Disease 

Members of the LDL-R gene family and its 
ligands appear tightly related to the development of 
AD. Namba et al. (1991) first observed that apo E 
was deposited in AD brains. Strittmatter et al. 
(1993a,b) linked the apo E polymorphism to AD. 
Autopsy based studies showed that the load of /?- 
amyloid peptide (/?A4) was increased in brains from 
E4 carriers (Schmechel et al, 1993; Rebeck et al., 
1993). Ohm et al. (1995) demonstrated a positive cor- 
relation between both /?A4 deposition and the stage 
of intraneural neurofibrillary changes and the E4 
gene dose. 

LRP is also associated with senile plaques, tangles 
and dystrophic neurites in AD (Tooyama et al, 
1993). Ligands of LRP other than apo E including 
a2M, tPA and uPA, PAI-1, LPL, lactoferrin or 
TFPI (Schmechel et al., 1993; Rebeck et al., 1993; 
Kawamata et al., 1993; Rebeck et al., 1995; 
Hollister et al., 1996) all accumulate in senile pla- 
ques. Interestingly, RAP was identified in the hippo- 
campus of the normal brain, but not in senile 
plaques in the study by Rebeck et al. (1995). The 



mechanism linking the apo E polymorphism and 
AD has not been unravelled until now. 

Strittmatter et al. (1993a,b) demonstrated that 
apo E and /?A4 formed dodecyl sulphate-resistant 
complexes in vitro, apo E4 complexing more rapidly 
than apo E3. When /?A4 and apo E were co-incu- 
bated, unique monofibrillar structures evolved, apo 
E4 yielding a denser matrix than apo E3 (Sanan et 
al., 1994; Wisniewski et al., 1994; Ma et al, 1994). 
According to Castano and co-workers, apo E 
enhances both the rate and the amount at which 
fibrils are generated from soluble amyloid in vitro, 
apo E4 being more effective compared to apo E3 
(Castano et al, 1995). 

When apo E3 plus a source of lipids was added to 
rabbit dorsal root ganglion or Neuro-2a cells, the 
extension of neurites was markedly enhanced. In 
contrast to apo E3, apo E4 plus a source of lipid 
reduced the branching and the outgrowth of neurites 
(Nathan et al, 1994; Holtzmann et al, 1995; Fagan 
et al., 1996). Apo E thus appears to modify the out- 
growth pattern in an isoform specific manner. At 
least some of the isoform specific effects of apo E 
are mediated by LRP (Nathan et al, 1994) and that 
the VLDL-R is not required (Mahley, 1996). 

It has been shown that apo E4 is less effective in 
protecting microtubuli from depolymerization than 
apo E3 (Nathan et al, 1995; Mahley, 1996), 
suggesting that it has an intracellular role. Neurons, 
however, synthesize only small quantities, if any, of 
apo E. Thus, an effect of apo E on the organization 
of the cytoskeleton would require that apo E be 
taken up into neurons. It is reasonable to speculate 
that such uptake occurs by receptor-mediated endo- 
cytosis involving one or more members of the LDL- 
R family (Holtzmann et al, 1995; Fagan et al, 
1996). However, receptor-mediated uptake of lipo- 
proteins in non-neuronal cells results in their lysoso- 
mal degradation. If apo E had an intracellular role, 
then a possibility should exist by which apo E is 
protected from degradation in endosomes or lyso- 
somes, at least in neurons. Support for that comes 
from a studies by Nathan et al (1995) and by 
Lovestone et al. (1996). The latter authors showed 
in mammalian cells transiently expressing tau and 
the LDL-R that apo E is taken up from cerebrosp- 
inal fluid and that apo E3, but not apo E4, reaches 
the cytoplasm. The isoform difference in the intra- 
cellular distribution of apo E was dependent upon 
expression of tau, a finding which may explain the 
difference between the intracellular fate of apo E in 
neuronal and non-neuronal cells. 

An alternative mode by which apo E and other 
ligands of LRP could affect cellular functions is that 
they generate biological signals themselves. There is 
in fact some evidence for this possibility. Misra et 
al (1994) showed that binding of lactoferrin, 
Pseudomonas exotoxin A and LPL increases inositol 
1,4, 5- triphosphate (IP3) synthesis and cytosolic free 
calcium [Ca 2 + ]i by a pertussis toxin-sensitive G pro- 
tein dependent mechanism. In addition, this group 
obtained evidence for a distinct signalling receptor 
that binds activated <X2M and activated alpha 1-in- 
hibitor-3, a monomeric member of the a 2 M/comp- 
lement superfamily in the rat (Misra et al, 1994, 
1996; Howard et al, 1996; Webb et al, 1995) which 
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elicited IP3 and intracellular calcium responses 
through a pertussis toxin-insensitive G protein. We 
recently obtained evidence that complexes of /?A4 
and apo E produced ample increases in intracellular 
calcium levels in a mixed hippocampal primary cell 
culture model (Wustenberg et al, 1997). 

In summary, current evidence shows that almost 
all members of the LDL-R family and many of their 
ligands are expressed in the brain. LRP, the apo E- 
R2 and LRU are found at high levels in the hippo- 
campus. Disruption of the apo E gene results in 
synaptic loss and cognitive impairment. These data 
indicate that members of the LDL-R gene family 
and their ligands may assume important functions 
in the CNS. 

5. MOLECULAR ARCHITECTURE AT 
EXCITATORY AND INHIBITORY SYNAPSES 

5.1. Postsynaptic Density at Excitatory Synapses 

Over the past decades, many efforts were given to 
the purification and identification of the various pro- 
teins composing the specialized postsynaptic mem- 
brane of CNS synapses, namely the PSD [Banker et 
al (1974) and Cohen et al (1977); reviewed in 
Kennedy (1993, 1997)]. Two classes of PSD were 
described. Type 1 synapses contain a dense PSD and 
are excitatory whereas inhibitory or type 2 synapses 
contain a much less dense PSD which roughly corre- 
sponds to a thickening of the membrane bilayer. 
Much interest developed toward the characterization 
of the PSD as it was anticipated to contain molecules 
involved in receptor subcellular localization and clus- 
tering, modulating receptor functions as well as pro- 
teins that could provide a link to the presynaptic 
active zone. Despite the insolubility of the PSD pro- 
teins in traditional biochemical detergents, different 
groups have now succeeded in identifying several 
molecular constituents of the dense specialized struc- 
ture. Cytoskeletal proteins including actin, spectrin, 
tubulin, microtubule-associated proteins and cal- 
cium/calmodulin-dependent protein kinase II are 
amongst the most abundant proteins of the PSD 
fractions. The glutamate receptors, AMP A, kainate 
and NMDA were also shown to be enriched in iso- 
lated PSDs. More recently, Cho et al (1992) ident- 
ified a new major protein (1-3% of total protein) 
from the PSD fraction that had an apparent molecu- 
lar mass of 95 kDa and consequently was named 
PSD-95. PSD-95 is homologous to the Drosophila 
tumour suppressor protein, Dig, in both sequence 
and structural organization. Both proteins are 
characterized by three 90 amino acid repeats in the 
amino-terminal region, a Src homology 3 (SH3) 
domain and a putative guanylate kinase (GK) in the 
carboxy-terminal region. The 90 residues repeat was 
later named PDZ, according to three proteins that 
contain such domain, PSD-95, the Drosophila 
discs — large tumour suppressor protein, DlgA and a 
tight junction protein, ZO-1. All these proteins are 
found in different cell junction structures and form 
an emerging new family of proteins, the MAGUKs 
(for membrane-associated GKs). In addition, close 
homologues to PSD-95 (SAP90) were recently 
described, namely SAP97 [hDlg; Muller et al (1995)], 



SAP102 (Muller et al, 1996a; Lau et al, 1996) and 
chapsyn-110 [PSD-93; Kim et al (1996b); Brenman 
et al. (1996)]. More distantly related PDZ-containing 
proteins include p55 (Hemming et al, 1995; Marfatia 
et al, 1995), CASK (Hata et al, 1996), glutamate 
receptor interacting protein [GRIP; Dong et al 
(1997)] and Homer (Brakeman et al, 1997). 

5.1.1. NMDA Receptor Channel and MAG UK 
Proteins 

It was recently shown that PSD-95 interacts 
directly with the NMDA receptor channel complex 
(Kornau et al, 1995; Niethammer et al, 1996). The 
latter is composed of two different types of subunits, 
the NR1 and at least one of the NR2 (A-D). The 
last seven amino acid of both NR2A and NR2B 
could interact with the first two PDZ domains of 
the PSD-95. The sequence motif, X-T/S-X-V 
where X stands for any amino acid, revealed to be 
essential for PSD-95 binding (Kornau et al, 1995). 
The analysis of the X-ray crystallographic structure 
of the third PDZ domain from either PSD-95 or 
DlgA shed light on the molecular players underlying 
this biochemical specificity (Doyle et al, 1996; 
Cabral et al, 1996). Indeed, a prominent conserved 
hydrophobic pocket, a Gly— Leu-Gly-Phe loop as 
well as a buried Arg are believed to play a key role 
in providing the binding specificity of the C-terminal 
peptides to the respective PDZ domains. It remains 
to be shown if the NR2C and NR2D as well as two 
of the splice variants of the NR1 subunit (NR1C-D) 
can also interact with PSD-95 or homologues, as po- 
tential C-terminal binding motif is present in these 
subunits. In support of a functional interaction 
between the PSD-95 and the NR2 subunits, mu- 
tation of the Dig gene was shown to disrupt the 
synaptic morphology and particularly the subsynap- 
tic reticulum of the Drosophila neuromuscular junc- 
tion (Lahey et al, 1994). These findings are thus in 
agreement with a key role for this family of proteins 
in the molecular organization of synapses. 

The NR2A/B subunits of the NMDA receptor 
were reported to also interact directly with two 
other members of the MAGUK family, SAP102 and 
chapsyn-110 (Muller et al, 1996a; Lau et al, 1996; 
Kim et al, 1996b). SAP102 is localized in dendritic 
shafts as well as spines of asymmetric type 1 
synapses in various brain regions including cerebral 
cortex, hippocampus, olfactory bulb and cerebellum 
(Muller et al, 1996a). Unlike PSD-95, all three of 
its PDZ domains could interact with the cytoplasmic 
tail sequence of the NR2B subunit with binding affi- 
nities ranging from 6 nM to 1 jim for the PDZ 
domains 2 and 3, respectively. Similarly high bind- 
ing affinity was observed with the PDZ domain 2 of 
PSD-95 (Muller et al, 1996a). According to its post- 
synaptic localization, tissue distribution and bio- 
chemical characteristics, SAP 102 appears to be a 
good candidate to participate in the structural 
assembly of developing excitatory synapses. 

5.1.2. Clustering of NMDA Receptor Channel and 
K + Channel by MAGUK Proteins 

Similarly to PSD-95, chapsyn-110 (PSD-93) binds 
directly to the NR2A-B subunits as well as to the 
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shaker-subtype voltage-gated K + channel (Kim et 
al, 1995; Kim et al, 1996b). Interestingly, upon in- 
dividual transfection of either PSD-95 or chapsyn- 
110 in heterologous cells, a diffuse distribution pat- 
tern in the cell was observed for the respective pro- 
teins. However, upon co- transfection of either 
chapsyn-110 or PSD-95 with the various channel 
subunits, clustering of both voltage-gated K + and 
NMD A receptor channels was reported (Kim et al, 
1996b). Co-transfected COS-7 cells with chapsyn- 
110 and PSD-95 again revealed a diffuse intracellu- 
lar immunoreactivity for either proteins. Upon triple 
transfection, that is, NMD A or K + channel subu- 
nits together with both MAGUK proteins, surface 
clusters were formed and all the proteins were found 
to be colocalized. In conclusion, both the NR2A 
and NR2B subunits behaved like the shaker-subtype 
voltage-gated K + channel with respect to their abil- 
ity to interact with both chapsyn-110 and PSD-95 
within the same clusters. In contrast to the NR2 
subunit, the NR1A polypeptide failed to bind the re- 
spective MAGUK proteins and remained diffusely 
distributed in the cell. However, upon co-transfec- 
tion of the NR1 with the NR2 and either chapsyn- 
110 or PSD-95, NR1 immunoreactivity was also 
part of the clustered structure. Taken together, het- 
eromeric NMDA receptors, the NR2 subunits alone 
and the shaker- type voltage- gated K + channel can 
form clusters upon co-transfection with either chap- 
syn-110 and/or PSD-95 in COS-7 cells. The for- 
mation of such channel clusters seems to involve 
disulphide links between the respective N-terminal 
domain of MAGUK proteins such as PSD-95 and 
chapsyn-110 (Hsueh et al, 1997). 

PSD-95 has been localized in the PSD at forebrain 
synapses where it colocalizes with the NMDA recep- 
tor (Hunt et al, 1996). However, it was also reported 
to be located in presynaptic inhibitory synapses in 
the cerebellum (Kistner et al, 1993). Data available 
regarding the cellular localization of chapsyn-1 10 is 
limited. Overall, it may be very similar to the distri- 
bution of PSD-95, especially in brain areas such as 
cerebral cortex and hippocampus (Kim et dl, 1996b). 
Shaker-subtype voltage-gated K + channels are 
located predominantly in presynaptic terminals and 
on axons in rat brain, whereas NMDA receptors are 
mostly found at postsynaptic sites. Although 
examples of colocalization of the respective proteins 
have been described in brain sections as well as in 
cultured neurons, the question remains which of 
these interactions are relevant in vivo. Furthermore, 
as the overall expression patterns of these proteins in 
brain do not overlap adequately, the existence of 
novel members of the MAGUK family and/or other 
functionally related proteins may be anticipated [e.g. 
GKAP, SAP AP (see below)]. 

5.1.3. Cellular Signalling and MAGUK Proteins 

Several biological actions have been attributed to 
NO in both peripheral and central tissues [for review 
see Kerwin et al (1995); Brenman and Bredt (1996)]. 
In brain, NO has been suggested to play a role in the 
molecular events underlying synaptic plasticity 
(Schuman and Madison, 1994). NO is derived from a 
complex enzymatic reaction catalysed by NO 



synthase (NOS). The N-terminal domain of the neur- 
onal form of this enzyme contains a PDZ domain. 
PSD-95 as well as PSD-93 (chapsyn-110) were 
recently shown to interact with the PDZ domain of 
NOS (Brenman et al, 1996). In particular, the sec- 
ond PDZ domain of PSD-95 is involved in the bind- 
ing with the PDZ domain of the NOS enzyme. 
Moreover, the binding motif of the NR2A/B subunit 
could compete (although with low affinity, ic 50 
-10 //M) with the PDZ domain of the NOS for the 
second PDZ repeat of the PSD-95. Colocalization of 
the respective proteins were shown in several brain 
areas, in both developing and adult brain. NOS iso- 
forms lacking the PDZ domain have altered subcel- 
lular distribution supporting a role for the PDZ 
domain in mediating the subsynaptic localization of 
NOS. The close proximity of the NOS and the 
NMDA receptor channel via their respective inter- 
action with MAGUK protein(s) may thus facilitate 
rapid molecular responses during synaptic trans- 
mission and provide localized specificity [Fig. 8(A)]. 

PDZ-PDZ domain interaction also appear to be 
involved in other protein-protein associations. For 
example, the dystrophin glycoprotein complex and 
NOS are closely located at the neuromuscular junc- 
tion via the respective PDZ domain of NOS and 1- 
syntrophin (Brenman et al, 1996). Finally, PDZ 
domains of SAP97 (hDlg) revealed specific nucleo- 
tide-binding affinity for ATP (Marfatia et al, 1996). 
This interaction could provide an additional regulat- 
ing element to the neighbouring molecules. It thus 
appears the PDZ domains might play a basic role in 
organizing and modulating the molecular signalling 
complex at the synaptic subcellular domain. In agree- 
ment with such hypothesis, Tsunoda et al (1997) 
most recently showed that InaD protein, which con- 
tains five PDZ domains, plays a crucial role in orga- 
nizing the photoreceptor signalling complex in vivo. 

5.1.4. MAGUK Protein and Guanylate Kinase- 
Associated Protein 

Despite the description of a GK domain for the 
various "MAGUK proteins, due to a significant iden- 
tity (37%) with yeast GK, no GK activity have been 
described thus far for this emerging protein family. 
Furthermore, the ATP-binding site is not conserved 
in these GK domain and only low affinity of ATP 
(mM range) for PSD-95 (SAP90) was reported 
whereas GMP binds with micromolar affinity 
(Kistner et al, 1995). The role of the GK domain is 
potentially very important as several modifications 
observed in the Dig mutant Drosophila, such as 
changes in synaptic bouton morphology at the neu- 
romuscular junction, can mostly be attributed to 
mutations in the GK domain. Most recently, a pro- 
tein that binds specifically to the GK domain was 
described and named GKAP for guanine kinase-as- 
sociated protein (Kim et al, 1997). GKAP binds to 
PSD-95 and its close homoiogues. It also appears to 
be recruited in the cluster formed by either PSD-95/ 
NR2B or PSD-95/shaker-subtype voltage-gated K + 
channel upon co-transfection of COS-7 cells. 
Although GKAP per se is not essential for the for- 
mation of these clusters, it might be involved in pro- 
viding a link between the channel/PSD-95 clusters 
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Fig. 8. (A) Simplified diagram of the subcellular architecture involved in the anchoring and clustering 
of the NMDA receptor channel complex. Both the N-terminal and the PDZ domains of the various 
MAGUK proteins as well as the 14 amino acid repeats of the GKAP (SAPAP) protein can poten- 
tially act as cross-linking agents in the subsynaptic domain. Alpha-actinin-2 might correspond to the 
link between the NMDA receptor complex and microfilaments. The latter interaction influencing the 
electrophysiological properties of the NMDA channel. Abbreviations: CaM, calmodulin; GKAP, gua- 
nylate kinase-associated protein; MAGUK, membrane- associated guanylate kinase; nNOS, neuronal 
nitric oxide synthase; SAPAP, SAP90/PSD-95-associated proteins. (B) Diagram of the NR1 subunit 
and proteins interacting with the cytoplasmic C-terminal domain. Upon calcium entry, CaM can dis- 
place alpha-actinin-2 from the NR1 cassette 0 domain which may contribute to the rundown of the 
NMDA channel. Abbreviations: CaM, calmodulin; CO, cassette 0; CI, cassette 1; C2, cassette 2; P, 

PKC phosphorylation site. 
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and the subcellular machinery. Indeed, the N-term- 
inal region of GKAP is composed of five 14 amino 
acid repeats which seem to have the independent 
ability to bind to the GK domain of PSD-95. This 
finding therefore support that GKAP could act as a 
cross-linker between different PSD-95 or related 
proteins and contribute to the formation of hetero- 
geneous clusters [summarized in Fig. 8(A)]. 
Homologues of GKAP have now also been 
described, namely SAPAP 1-4. In addition to inter- 
act with the GK domain of PSD-95, SAPAPs were 
shown to enrich the plasma membrane of PSD-95 
upon co-transfection (Takeuchi et ah, 1997). Not 
only the PDZ domains of the various MAGUK 
family members thus appear to be involved in the 
multiple protein interactions but also, somehow 
unexpectedly, their GK domain. 

Immunocytochemical studies of cultured cortical 
and hippocampal neurons show that NMDA as well 
as non-NMDA receptor channels are highly clus- 
tered at the excitatory postsynaptic membrane 
(Jones and Baughman, 1991; Benke et al, 1993; 
Craig et al, 1993). GRIP, a protein that contains 
seven PDZ but no putative GK domain, was 
reported to bind to AMP A receptors (Dong et al, 
1997). It likely provides a template which would 
allow the crosslinking of AMPA receptors as well as 
other proteins that are involved following excitatory 
synaptic transmission. The members of the PDZ- 
containing protein family might thus be elements 
that play a role in the complex events during synap- 
tic specialization but they are poor candidates to 
provide the specificity required for the subcellular 
localization considering the diversity of proteins 
that can interact with them. Taken together, these 
proteins are thus more likely involved in the main- 
tenance of the receptor cluster structure as well as of 
the subcellular machinery required at the synaptic 
domain (e.g. NOS) and to provide an anchoring 
domain for the underlying cytoskeleton. 

5.1.5. Clustering of Glutamate Receptors and 
Phosphorylation 

Spontaneous clustering of the NR1 receptor subu- 
nit of the NMDA receptor channel complex was 
reported upon transfection in fibroblasts (QT6) 
(Ehlers et al., 1995). However, different splice var- 
iants of the NR1 sub unit revealed different distri- 
bution pattern in those cells. Indeed, a stretch of 37 
amino acid within the cytoplasmic C-terminal 
domain (also referred as cassette 1) present in some 
variants of the NR1 subunit was sufficient to cause 
the clustering into discrete domains. The phos- 
phorylation of specific serines by protein kinase C 
within the cassette 1 domain could modulate the for- 
mation of these NR1 agglomerates (Ehlers et al, 
1995). In a similar way, the phosphorylation of a ser- 
ine residue by protein kinase A could also modulate 
the interaction between the PSD-95 and an inward 
rectifier K + channel C-terminal domain (Cohen et 
al., 1996). The cassette 1 domain of the NR1 subunit 
could also interact with high affinity with calmodu- 
lin, in a calcium-dependent manner. In addition, a 
second calmodulin binding domain, although of 
lower affinity, was located around 30 amino acid 



upstream of the cassette 1, that is, within cassette 0 
[Fig. 8(B)]. Interestingly, the interaction of calmodu- 
lin with the NMDA receptor channel complex 
decreased the channel activity by modulating the 
opening rate as well as the mean opening time of the 
channel. The calmodulin binding to the NR1 subunit 
could thus act as a "calcium sensor" for the NMDA 
receptor channel complex and limit, to a certain 
extent, the calcium entry via these channels. 
Furthermore, earlier studies have shown the NMDA 
receptor channel activity is dependent on the integ- 
rity of the microfilaments (Legendre et al, 1993; 
Rosenmund and Westbrook, 1993). In agreement 
with these reports, alpha-ractinin-2, an actin-bundling 
protein, was recently shown to interact directly with 
residues within the cassette 0 of the NR1 C-terminal 
domain [Wyszynski et al (1997); Fig. 8(A and B)]. 
The central rod domain of the alpha-actinin-2 is 
involved in this interaction. In contrast to the inter- 
actions with MAGUK proteins and calmodulin, 
both NR1 and NR2B subunits bound to alpha-acti- 
nin-2. Most interestingly though, only the binding of 
alpha-actinin-2 to the NR1 C-terminal domain could 
be competed by calmodulin, in a calcium-dependent 
fashion. These observations allow one to speculate 
that at resting in vivo intracellular Ca 2+ levels, 
alpha-actinin-2 binds to the NMDA receptor chan- 
nel complex but in response to Ca 2 + entry, calmodu- 
lin could displace the alpha-actinin-2 from the NR1 
subunit and consequently contributing to the Ca 2+ - 
dependent inactivation and rundown of NMDA 
receptor channels. Future studies are required to 
confirm or not this scenario as well as to identify 
other putative molecules that might be involved as a 
tight modulation of the Ca 2+ entry is highly desired. 

Despite the explosion of most recent findings with 
respect to the characterization of the MAGUK and 
related proteins as well as their interaction with the 
respective receptor channels, as summarized in 
Fig. 8(A), limited knowledge is yet available regard- 
ing the sequence of events involved in the clustering, 
anchoring and subcellular targeting of proteins to 
the specialized subdomains of central synapses. The 
subcellular machinery involved at the neuromuscu- 
lar junction is yet better defined and involves the in- 
teraction of >10 proteins such as rapsyn, utrophin 
and syntrophin, to name a few [reviewed in 
Froehner (1993) and Apel and Merlie (1995)]. The 
characterization of novel proteins such as GKAP 
and GRIP will allow to shed light on the molecular 
constituents involved in these complex interactions 
and ultimately lead to the basic understanding of 
the formation, structure and plasticity of neuronal 
synapses. 

5.2. Role of Gephyrin at Inhibitory Synapses 

Synaptic inhibition in the CNS is mediated by the 
amino acids y-aminobutyric acid and glycine. The 
receptors for these neurotransmitters mediate inhi- 
bition of neuronal firing by ligand-induced gating of 
chloride ions leading to hyperpolarization of the cell 
membrane. Ionotropic receptors for y-aminobutyric 
acid (GABA A R) are predominant in cortex, hippo- 
campus, basal ganglia and cerebellum (Wisden et 
al, 1992; Laurie et al., 1992) whereas glycine recep- 
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tors (GlyR) are mainly found in spinal cord and 
brain stem neurons but also in higher regions of the 
neuraxis like cerebellum, hippocampus and layer IV 
of the cortex (Malosio et al, 1991). Due to significant 
structural and functional homologies, both GABA A R 
and GlyR are considered members of the same family of 
ligand gated ion channels which also includes nicotinic 
acetylcholine receptors, and serotonin type- 3 receptors 
[reviewed in Kuhse et al (1995)]. Whereas little is known 
how GABAaR are localized to postsynaptic mem- 
branes, significant progress has been made towards the 
elucidation of the molecular mechanisms underlying 
the formation of GlyR aggregates at postsynaptic mem- 
brane specializations. It could be shown that the periph- 
eral membrane protein gephyrin plays a pivotal role in 
the formation of GlyR clusters most likely by anchoring 
the receptor to the subsynapticcy toskeleton. 

The GlyR is a pentameric ion channel complex 
composed of 3a and 20 subunits (Kuhse et al, 
1993). Four different a subunit isoforms (al-a4; M T 
48—49 kDa), whose spatial and temporal expression 
is tightly regulated (Malosio et al, 1991; 
Matzenbach et al., 1994), confer distinct pharmaco- 
logical properties to the heterooligomeric receptor 
(Schmieden et al, 1992), whereas the ^-polypeptide 
(58 kDa). can be considered a structural subunit 
(Kuhse et al, 1995). Due to its high affinity for the 
alkaloid strychnine, GlyR can be affinity-purified 
from solubilized spinal cord membranes (Pfeiffer et 
al, 1982; Schmitt et al, 1987). In addition to the 
receptor subunits a third polypeptide with a relative 
molecular mass of 93 kDa is consistently copurified 
with the GlyR. This polypeptide was characterized 
as a peripheral membrane protein (Schmitt et al, 
1987) and lateron named gephyrin (from greek 
ye(pDpcc: bridge). 

Light and electron microscopic immunocytochem- 
istry revealed that gephyrin decorates the cyto- 
plasmic face of glycinergic and subset(s) of 
GABAergic postsynaptic membrane specializations 
in spinal cord, brain and retina (Triller et al, 1985; 
Altschuler et al, 1986; Sassoe-Pognetto et al, 1995; 
Todd et al, 1995). Surprisingly, gephyrin immunor- 
eactivity is observed in most synaptically active 
regions of the brain and thus exceeds the distri- 
bution of the known GlyR a subunits (Kirsch and 
Betz, 1993). This observation indicates the presence 
of gephyrin at both glycinergic and GABAergic 
synapses, moreover, these data suggest that gephyrin 
can also be found at postsynaptic sites of yet 
unknown specificity. 

The primary structure of gephyrin (Prior et al, 
1992) shows significant homology to polypeptides of 
bacteria (Prior et al, 1992; Nohno et al, 1988), 
plants (Stallmeyer et al, 1995) and invertebrates 
(Kamdar et al, 1994) involved in the biosynthesis of 
the molybdenum cofactor, however, the functional 
significance of this observation remains enigmatic. 
Transcription of the gephyrin gene is not restricted 
to the CNS, since gephyrin mRNA is also found in 
liver, kidney, heart and possibly lung (Prior et al, 
1992). Cloning of the gephyrin cDNA has identified 
several gephyrin transcripts in rat brain and spinal 
cord, which differ by the insertion of short nucleo- 
tide cassettes (C1-C4) in the 5' half of the coding 
region (Prior et al, 1992). This heterogeneity is 



most likely due to alternative splicing of the 
gephyrin pre-mRNA, The functional significance of 
multiple gephyrin transcripts has not been resolved. 
The distribution of gephyrin transcripts in the adult 
and developing brain (Kirsch et al, 1993a) is con- 
sistent with immunohistochemical data (Kirsch and 
Betz, 1993). A detailed analysis revealed that 
gephyrin isoforms containing cassette C2 are the 
predominant variant which is expressed at high 
levels in most regions of the brain, whereas variants 
with cassettes C3 and/or C4 are detected only in 
hippocampus and cerebellum (Kirsch et al, 1993a). 

In cultured embryonic spinal neurons, the ac- 
cumulation of gephyrin at developing postsynaptic 
sites precedes the synaptic clustering of the GlyR 
(Kirsch et al, 1993b; Bechade et al, 1996). Whereas 
focal accumulations of gephyrin immunoreactivity 
could be observed as early as 3 days in vitro, GlyR 
clusters are visualized only after ca 1 week in cul- 
ture. The formation of postsynaptic GlyR clusters 
depends on the presence of gephyrin, since inhi- 
bition of gephyrin expression by antisense oligonu- 
cleotides prevents the formation of GlyR clusters in 
these cultures completely (Kirsch et al, 1993b). 
Gephyrin expression is therefore considered essential 
for the formation of GlyR clusters an their synaptic 
localization (Kirsch et al, 1993b). 

Recently, overlay and coexpression studies ident- 
ified the 0 subunit of the GlyR as binding partner 
for gephyrin (Meyer et al, 1995; Kirsch et al, 
1995). The interface for gephyrin binding is confined 
to a continuous stretch of 1 8 amino acids located at 
the cytoplasmic pole of this subunit. Interestingly, 
insertion of the gephyrin binding motif in a 
GABA A R subunit (Meyer et al, 1995) or the NR1 
subunit of the NMDA receptor (S. Kins, J. Kuhse 
and J. Kirsch, unpublished observation) which are 
both not capable of interacting with gephyrin, con- 
ferred binding indistinguishable from that of the 
GlyR 0 subunit. In similar experiments it could be 
demonstrated that also the 03 subunit of GABAA 
receptors can interact with gephyrin (Meyer et al, 
1995) and this finding is consistent with immunohis- 
tochemical data demonstrating the presence of 
gephyrin underneath GABAergic synapses harbour- 
ing a 03 subunit (Todd et al, 1996). 

Overlay and copolymerization studies revealed a 
high-affinity interaction of gephyrin with polymer- 
ized tubulin in vitro (Kirsch et al, 1991). 
Interestingly, the binding characteristics, in particu- 
lar the stoichiometry and the positively co-operative 
nature of the interaction, are very similar to that of 
a classical microtubule-associated protein, namely 
MAP2. These findings from in vitro experiments 
were corroborated by the observation that postsyn- 
aptically localized gephyrin aggregates in cultured 
spinal neurons were sensitive to alkaloids affecting 
the integrity of the cytoskeleton (Kirsch and Betz, 
1995). Therefore, gephyrin is thought to link post- 
synaptic inhibitory neurotransmitter receptors har- 
bouring a gephyrin binding subunit to the 
cytoskeletal structures underlying postsynaptic 
membrane differentiations (Fig. 9). Specifically, 
depolymerization of microtubules led to a decreased 
packing density of gephyrin and GlyR in postsyn- 
aptic clusters, whereas receptor aggregates were con- 
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Fig. 9. Model of the interactions of gephyrin with the GlyR and the subsynaptic cytoskeleton. Gephyrin 
anchors the postsynaptic GlyR to microtubules forming a subsynaptic lattice. The interactions with 
microfilaments could either be direct (centre) or involve an additional regulatory actin-binding protein(s) 

(indicated by a question mark). 



densed upon disruption of microfilaments. Thus, 
microtubules and microfilaments appear to act an- 
tagonistically on the packing density of gephyrin/ 
GlyR clusters at postsynaptic sites. Since it could be 
shown that pharmacological characteristics of the 
GlyR depend on its packing density within the cell 
membrane (Taleb and Betz, 1994), it is tempting to 
speculate that the postsynaptic machinery of glyci- 
nergic membrane specializations could be involved 
in the tuning of synaptic efficacy. 

Postsynaptic membrane specializations are com- 
plex molecular machineries subserving multiple 
functions important for the proper functioning of 
the nervous system. So far only a few key players in 
this concert of polypeptides have been identified. 
The investigation of the elements regulating their in- 
teraction and the identification and functional 
characterization of additional polypeptides should 
help to advance our understanding of the molecular 
mechanisms involved in the regulation of synaptic 
plasticity. 



6. CONCLUSIONS 

In pathological conditions, such as temporal lobe 
epilepsy, the plasticity at central synapses may be 
structural as well as functional. Important com- 
ponents of these changes are the types and properties 
of neurotransmitter receptors that are expressed. For 
example, the molecular and functional diversity of 
NMDA subunits (Monyer et aL, 1992), permits the 
suggestion that expression of new subunit compo- 
sition may explain the long-term functional change 
in NMDAR channels found in several chronic ex- 



perimental models of this condition (Chen et al, 
1998; Kohr et al y 1993). However, in this review we 
have discussed possible roles for a broad spectrum 
of the molecular machinery that may be involved in 
the developmental as well as pathogenic mechanisms 
underlying these changes in synaptic function. 

Another fundamental component of the postsyn- 
aptic membrane specialization is the complex mol- 
ecular machinery's involved in the clustering and 
location of neurotransmitter receptors. So far only a 
few key players in this concert of polypeptides have 
been identified. The identification of additional com- 
ponents of the postsynaptic machinery and the in- 
vestigation of the elements regulating their 
interactions should help to advance our understand- 
ing of the molecular mechanisms involved in the 
regulation of synaptic plasticity. 

The last year has witnessed a tightening of the 
link between recognition molecule function and 
synaptic plasticity not only during development, but 
particularly in the adult. A role for recognition mol- 
ecules in promoting morphological changes such as 
size and shape of synaptic contacts, elaboration of 
spines, dendritic or axonal branching patterns, and 
cell-specific connectivity after functional modifi- 
cation of synaptic strength has become more tangi- 
ble. However, there are many questions that need to 
be addressed about the types, timing and location of 
expression molecules involved in these processes. 
Since recognition molecules are known to influence 
the intracellular signalling cascades of second mes- 
senger systems, a further pressing question is how 
adhesion molecules will interact with signal trans- 
duction pathways known to be crucial in regulating 
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synaptic strength. Clearly, this will be an extremely 
difficult problem to solve, since any alteration in sig- 
nalling pathways will involve a cascade of changes, 
the extent and ramifications of which will resist easy 
analysis. Furthermore, how can morphological 
changes and alteration in signalling mechanisms be 
translated into long-term modifications at the 
synapse, involving the stabilization or destabiliza- 
tion of network interactions? 

Understanding these molecular mechanisms may 
in turn shed light on the molecular mechanisms that 
underlie functional and structural changes that 
occur during synaptic plasticity and reactive synap- 
togenesis in temporal lobe epilepsy. Comparisons 
can also be made between the mechanisms under- 
lying neurodegeneration in epilepsy and those found 
in dementias such as Alzheimer's and in turn pro- 
vide novel approaches to the treatment of these 
debilitating and universal conditions.. 
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Enhanced long-term potentiation and 
impaired learning in mice with mutant 
postsynaptic density-95 protein 
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Specific patterns of neuronal firing induce changes in synaptic strength that may contribute to learning and memory. If 
the postsynaptic NMDA (/tf-methyl-o-aspartate) receptors are blocked, long-term potentiation (LTP) and long-term 
depression (LTD) of synaptic transmission and the learning of spatial information are prevented. The NMDA receptor 
can bind a protein known as postsynaptic density-95 (PSD-95), which may regulate the localization of and/or signalling 
by the receptor. In mutant mice lacking PSD-95, the frequency function of NMDA-dependent LTP and LTD is shifted to 
produce strikingly enhanced LTP at different frequencies of synaptic stimulation. In keeping with neural-network 
models that incorporate bidirectional learning rules, this frequency shift is accompanied by severely impaired spatial 
learning. Synaptic NMDA-receptor currents, subunit expression, localization and synaptic morphology are all 
unaffected in the mutant mice. PSD-95 thus appears to be important in coupling the NMDA receptor to pathways that 
control bidirectional synaptic plasticity and learning. 



In the mammalian hippocampus and other brain structures 
involved with memory formation, certain patterns of synaptic 
activity result in long-lasting modifications of the efficiency of 
synaptic transmission. In the CA1 region of the hippocampus, a 
train of low- frequency stimulation produces a reduction in synaptic 
efficacy (LTD) and high-frequency stimulation produces an 
increase (LTP) 1,2 . Mechanisms proposed to underlie these modifica- 
tions of synaptic strength include changes in the sensitivity of 
postsynaptic transmitter receptors, activation of previously silent 
receptors, generation of retrograde messengers to the presynaptic 
terminal, structural changes in dendritic spines, and activation of 
transcription in the nucleus 1 *. Although activation of the NMDA 
receptor initiates these complex events, its interactions with post- 
synaptic proteins and the signalling pathways immediately down- 
stream from it are poorly understood. 

The NMDA receptor is formed by the assembly of a common 
NR1 subunit with one or more of four different NR2 subunits, 
NR2A-D (refs 3, 4). The NR2 subunits have long cytoplasmic 
carboxy-terminal domains which contain sites for phosphorylation 5 
and interaction with cytoplasmic proteins. In vitro, the C terminus 
of NR2 subunits binds to PSD-95/SAP90, chapsyn-110/PSD-93, 
and other related members of the membrane-associated guanylate 
kinase (MAGUK) family 6 " 9 . PSD-95/SAP90 (refs 10, 11) is an 
abundant postsynaptic density protein and contains several 
domains that participate in protein -protein interactions, including 
three PDZ/DHR (for PSD-95, Dig, ZO-l/Dlg-homologous region) 
domains, an SH3 (Src-homology-3) domain and a guanylate kinase 
(GK)-homology domain. The second PDZ domain (PDZ2) can 
bind to the C terminus of the NR2 subunits 6,9 . PSD-95 has no 
detectable enzymatic activity and acts as an adapter molecule 
through protein-protein interactions mediated by the discrete 
domains. Although the function of PSD-95 at the synapse is 
unknown, in fibroblasts it mediates the localization of the NMDA 
receptor to focal clusters, indicating that PSD-95 may be required 
for the localization of such receptors to synapses 7 . 

To determine the function of PSD-95 in the brain, we character- 



ized mice carrying a targeted mutation in the PSD-95 gene. Our 
results provide evidence that PSD-95 is important in signal trans- 
duction. NMDA-receptor-mediated synaptic plasticity was drama- 
tically altered, with synapses becoming inappropriately 
strengthened after stimulation by a wide range of frequencies. The 
learning of PSD-95-mutant mice was impaired, supporting predic- 
tions of neural-network models that depend on bidirectional 
synaptic plasticity to mediate learning and memory. 

PSD-95-mutant mice 

The first two PDZ domains of PSD-95 bind to the NMDA-receptor 
subunits 2A (NR2A) and 2B (NR2B) 6,9 , to K + channels 12 and to 
neuronal nitric oxide synthase 13 in vitro. We generated mice carrying a 
targeted mutation in the PSD-95 gene that leaves the first two PDZ 
domains intact by introducing a stop codon into the PDZ3 domain 
and replacing downstream sequences with an internal ribosome entry 
site that drives a (3-galactosidase reporter gene (Fig. la). The targeting 
construct was electropo rated into embryonic stem (ES) cells and 
Southern blot analysis indicated that homologous recombination had 
occurred in 5 clones out of 75 analysed (6.7%) (Fig. lb). Three ES cell 
lines were microinjected into C57BL/6 blastocysts and two clones 
generated germline chimaeras, which were crossed onto the MF1 
genetic background. No biochemical, anatomical, electrophysiological 
or behavioural differences were found between mice generated from 
two independent targeted clones. Heterozygous mice were inter- 
crossed and the genetic status of the mice was determined by genomic 
Southern blotting and polymerase chain reaction (PCR) (Fig. lb). 
From 70 litters, 602 mice were genotyped at weaning: 191 (32%) were 
wild type, 316 (52%) were heterozygotes, and 95 (16%) were homo- 
zygotes, demonstrating a distortion of the expected mendelian ratio 
(X 2 =32.1, P< 0.0001). Runting was evident in 42% of viable 
homozygotes, which then recovered and reached the size of their 
wild -type littermates at ~6 weeks of age. Runting seemed to result 
from inadequate competition for feeding with wild-type siblings, 
because homozygous pups fostered to wild-type mothers were of 
normal size. Homozygous males and females were fertile and showed 
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Figure 1 Targeted disruption of the PSD-95 gene, a, Top: PSD-95 protein with 
three PDZ domains (labelled 1, 2, 3), an Src homology 3 (SH3) domain and a 
guanylate kinase homology region (GK). Middle: PSD-95 gene with restriction- 
enzyme cutting sites (E.EcoRI; H, Hin dill; P,Pvu\\\ B,£amH1 ; S.SacI); black boxes, 
exons, thick horizontal lines, homology regions used in the targeting vector; 
Southern blot probes are indicated. Bottom: targeting vector, tk, thymidine kinase 
geneJRES. internal ribosome-entry sequence; lacZ, p-galactosidase gene;neo, 
neomycin-resistance gene. The dotted vertical line from the PDZ3 domain (upper) 
to the PvuW site (middle) represents the position of the stop codon inserted into 
PDZ3. b, Left and centre, genomic Southern blot from ES cell clones (ml and m2) 
digested with £coRI and Hin6\\\, hybridized with 5' and 3' probes, respectively. 
Right: genomic Southern blot of Eco Rl-digested DNA from littermates of a 
heterozygote intercross and probed with the 5' probe. Wild type (WT) (+/+), 
heterozygote (-/+) and homozygote (-/-) are indicated, c, Expression pattern of 
PSD-95 using X-gal-stained sagittal brain section. B, brainstem; H, hippocampus; 
C. cortex; CB, cerebellum; O, olfactory bulb, d, Immunoblots of PSD-95 protein in 
total forebrain extracts (left, middle panels) and in synaptosome subtractions 
(right panels) of wild-type mice (+/+) and PSD-95 mutants (-/-). Left: full-length 
PSD-95 in wild-type is indicated; asterisk, nonspecific band; size markers 
correspond to M r 205K, 112K, 87K, 69K, 56K, 39K, 34K. Middle: the same blot 
was stripped and reprobedwith an antibody recognizing PSD-95 N-terminaltothe 
PDZ3 domain. The band labelled PDZ 12 is found only in extracts of PSD-95 
mutant mice and corresponds to the N-terminal domain expressed in the 
mutants. Right: extracts from synaptosome (ssm), synaptic plasma membrane 
(spm) and postsynaptic density (psd) fractions from wild-type and mutant mice 
immunoblotted with antibodies recognizing full-length PSD-95 (upper strip), N- 
terminal PDZ12 (middle strip) and NR1 (lower strip). The PSD-95 PDZ12 (PDZ12) 
protein was not detected in spm or psd fractions even at very long exposures. 



no sign of seizure, tremor or ataxia or of neurological abnormality. 
The expression of PSD-95 was shown by X-gal staining of brains of 
mutant mice (Fig. lc) to be high in the forebrain, particularly in CA1 
pyramidal neurons of the hippocampus and in granule cells in the 
dentate gyrus, in agreement with studies of messenger RNA in situ 6 ' ]3 . 

To determine the effects of mutating the PSD-95 protein we 
immunoblotted whole extracts from forebrain, synaptosomes, and 
synaptosome subfractions with antibodies raised against PSD-95 
(Fig. Id). Using three separate antibodies against PSD-95, a 95K 
band (corresponding to a relative molecular mass of 95,000) was 
detected for wild-type mice which was absent in homozygote mice. 
Immunoblotting with antibodies against the amino terminus of 
PSD-95 detected a 40K band in whole-brain extracts from homo- 
zygote mice, which corresponds to PDZ domains 1 and 2 and is now 
referred to as PSD-95 PDZ12 . The PSD-95 PDZ12 band was not detected 
in synaptosomes, in synaptic plasma membranes or in postsynaptic 
density fractions of homozygote mice, in contrast to full-length 
PSD-95 which was readily detectable in these fractions in wild -type 
mice (Fig. Id). Control immunoblotting with antibodies specific for 
the NMDA Rl subunit (NR1) indicated that the distribution of NR1 
in these fractions was the same as in wild- type mice. These results 
show that PSD-95 PDZ12 does not localize to postsynaptic densities or 
to synaptic plasma membranes, but without a suitable antibody we 
cannot confirm this by immunohistochemistry. In PSD -95 -mutant 
mice, no binding of PSD-95 PDZl2 to the NMDA receptor could be 
detected by immunoprecipitation assay, although PSD-95 bound to 
the NMDA receptor from wild-type mice (data not shown). The 
amount of PSD-95 PDZ12 found in PSD-95 mutants was ~10-fold 
less than full-length PSD-95 in wild-type, and as RNAse protection 
assays indicated that the level of mRNA in each was comparable 
(data not shown), the reason why we detected no interaction 
between PSD-95 PDZ12 and the NMDA receptor is probably because 
PSD-95 PDZ12 is not localized to synapses. This is consistent with data 
showing that the C-terminal domains of Dig are required for 
membrane and subcellular localization 14 . 

Several other related neuronal MAGUK proteins have been 
described in addition to PSD-95, including chapsyn-1 10/PSD- 93, 
SAP102 and SAP97 (refs 7, 8, 13, 15). The levels of these proteins 
were unaltered in our mutant mice (data not shown). We showed 
that chapsyn-1 10/PSD-93 could still interact with the NMDA 
receptor in PSD-95-mutant mice by immunoprecipitation and by 
immunoblotting the complex with antibodies against the NMDA 
receptor (data not shown). We conclude that the NMDA receptor in 
our PSD-95-mutant mice is bound by another MAGUK protein. 

Synaptic localization of NMDA receptors 

We next investigated the expression and localization of the NMDA 
receptor. The total amount of NR1, NR2A and NR2B proteins was 
the same in wild-type and mutant mice, and immunoprecipitation 
of each subunit and immunoblotting with the other subunits 
revealed no change in the composition of the receptor complexes 
(data not shown). These results indicate that PSD-95 is unlikely to 
play a role in regulating the stoichiometry of the NMDA-receptor 
subunit interaction in vivo. PSD-95 is highly expressed in the CA1 
region of the hippocampus (Fig. lc). Using light and electron 
microscopy, we found that the intensity of the Nissl staining pattern 
(data not shown) and the distribution of the dendritic marker 
MAP2 and of the synaptic-terminal marker synaptophysin were the 
same in the homozygous mutant and wild- type mice, indicating 
that the mutation does not affect cell density or cytoarchitectonic 
patterns (Fig. 2a-d). NR1 was widely distributed in soma and 
dendrites of CA1 in both mutant and wild-type mice and appeared 
similar in the light microscope (Fig. 2e, f). Electron microscopy 
revealed no changes in the morphology of these asymmetric 
synapses nor any difference in synapse density (Fig, 2i, j). Immu- 
nogold studies of NR1 in CA1 stratum radiatum detected no 
difference between the mutant and wild-type mice in the character- 
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istics or density of NR1 immunogold labelling of asymmetric 
synapses (Fig. 2g, h). In both sets of mice, NR1 was present 
primarily in the synaptic cleft and within the postsynaptic speciali- 
zation, with minimal labelling in the neighbouring cytoplasm and 
no significant presynaptic labelling. Although these techniques are 
not quantitative, we found no major difference between mutant and 
wild -type mice in hippocampus CA1 synapse architecture or in 
NMDA-receptor localization. The localization of the NMDA recep- 
tor to the synapses of PSD-95 mutants by electron microscopy was 
confirmed by electrophysiological assay (see below). 

NMDA-receptor function in mutant mice 

We investigated the NMDA currents in primary cultured neurons 
derived from PSD-95 -mutant and wild -type mice. Peak currents 
elicited by brief application of 250 |xM NMDA/ 25 jxM glycine 
in magnesium- free medium were not significantly different 
(3,907 ± 285 pA, n = 36 for PSD-95 mutant; 3,204 ± 328 pA, 
n = 22 for wild type; t(56) = 1.578, P = 0.12). Furthermore, the 
NMDA-receptor current-voltage relation did not change in PSD- 
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Figure 2 Anatomy and NR1 localization in hippocampus CA1 region of mice, a, c, e, 
g, i, Wild-type mice; b,d,f,h,j, PSD-95 mutant mice, a, b, MAP2 immunofluores- 
cence; c, d, synaptophysin immunofluorescence; e, f, NR1 immunofluorescence; 
all photomicrographs are from a similarfield of CA1, with the pyramidal cell layer (SP) 
at the top of the field, and the remaining two-thirds of the field occupied by the 
stratum radiatum (SR). g, h, Immunogold localization of NR1. Note that NR1 is 
localized at asymmetrical synapses in mutant and wild type mice, i, j, Standard 
morphology of the ultrastructure, with axospinous asymmetrical synapses 
shown in each case. Scale bar in j represents: for a-f, 70 ixm; for g-J, 0.25 p.m. 



95-mutant neurons in the presence and absence of magnesium 
(Fig. 3a, b). We investigated the synaptic expression of NMDA 
receptors in hippocampal slices using whole-cell voltage-clamp 
recordings to examine the NMDA-receptor-mediated component 
of excitatory postsynaptic currents (EPSCs) in CA1 pyramidal cells: 
we found no difference in the results from cells of wild-type and 
mutant animals (Fig. 3c). At a holding potential of -80 mV, where 
the NMDA-receptor ion channels are blocked by Mg 2+ , EPSCs in 
CA1 pyramidal cells from wild-type animals (n = 15 cells from 4 
animals) and PSD-95 mutants (n = 18 cells from 5 animals) have a 
similar (t(7) = 0.49; not significant), small NMDA-receptor- 
mediated component. The NMDA-receptor-mediated component 
of EPSCs from wild-type and PSD-95 mutant cells was also the same 
(t(7) = 0.27; not significant) at a holding potential of +40 mV, 
where the NMDA-receptor-mediated component of the EPSCs is 
larger owing to the relief of the Mg^ + block of the channel. These 
results show that NMDA-receptor channel properties are unaffected 
and that the receptors are normally localized to synapses in PSD-95- 
mutant mice. Moreover, field potential recordings showed that the 
maximal a-amino-3-hydroxy-5-methyl-4-isoxazole propionate 
(AMPA)- receptor-mediated field excitatory postsynaptic potential 
(fEPSP) amplitude evoked in wild-type and mutant slices was not 
significantly different (wild type: 8.6 ± 0.5 mV, n = 69 slices, 13 
animals; PSD-95 mutant: 7.8 ± 0.4 mV, n = 70 slices, 15 animals), 
indicating that there is no gross disruption of synaptic transmission 
in our PSD-95-mutant mice. 

We also compared paired-pulse facilitation, a short presynaptic 
form of synaptic plasticity, in the two sets of mice (Fig. 3d). We 
found that paired-pulse facilitation at inter-pulse intervals of 20, 50, 
100 and 200 ms was significantly greater in slices from PSD-95- 
mutant mice (P < 0.05). As PSD-95 is thought to be a postsynaptic 
protein in forebrain synapses 16 , this enhanced paired -pulse facilita- 
tion may be due to postsynaptic changes 17 , or to retrograde signal- 
ling to the presynaptic terminal through PSD-95 interaction with 
neuroligin and neurexin 18 (as shown in Fig. 6a), or to some other 
effect such as an alteration in presynaptic K + -channel function 19 . 

Synaptic plasticity in PSD-95 mutants 

At many synapses in the brain, activation of postsynaptic NMDA 
receptors triggers complex multicomponent signalling pathways 
that can produce persistent changes in synaptic strength, such as 
LTP and LTD 1 - 2 . We therefore investigated whether PSD-95 might 
have a role in NMDA-receptor signalling by examining NMDA- 
receptor-dependent forms of synaptic plasticity in hippocampal 
slices from PSD-95-mutant mice. A conventional high-frequency 
stimulation protocol (100 Hz) that induces NMDA-receptor- 
dependent LTP produced a significantly larger potentiation of 
synaptic transmission in slices from PSD-95 -mutant mice 
(f(12) = 2.59, P < 0.025; Fig. 4a). Immediately after high- 
frequency stimulation, the potentiation of synaptic transmission 
was similar in slices from wild-type and PSD-95-mutant mice; 
however, although synaptic strength remained at a steady-state 
potentiated level in wild -type slices (fEPSPs were potentiated to 
193.6 ± 9.3% of baseline 60min after high-frequency stimulation; 
n = 7), synaptic strength continued to grow over the next 30 min in 
slices from PSD-95-mutant mice (fEPSPs potentiated to 
242.8 ± 17.5% of baseline; n = 7). To find the full extent of the 
enhanced LTP and the maximal LTP that could be generated in slices 
from PSD-95-mutant mice, we induced saturating levels of LTP 
with multiple trains of 100-Hz stimulation. As shown in Fig. 4b, LTP 
saturated at a much higher potentiated level in slices from mutant 
mice (298.4 ± 39.0% of baseline; n = 5) compared with wild-type 
slices (174.8 ± 14.0% of baseline; n = 4, t(7) = 2.98, P < 0.05). 

We next quantified LTP induced by trains of low-frequency pre- 
synaptic stimulation. A 900-pulse train of 5-Hz stimulation, a near- 
threshold protocol for LTP induction 20 , induced a small amount of LTP 
in slices from wild-type mice; fEPSPs were potentiated to 
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126.5 ± 7.3% of baseline after 45 rnin {n = 7) (Fig. 4c). In slices from 
PSD-95 -mutant mice, synaptic transmission was potentiated to near 
saturation (fEPSPs were 278.4 ± 17.4% of baseline; n = 6) (Fig. 4c). 
The NMDA- receptor antagonist 2- amino-5-phosphono valeric acid 
(AP5) blocked 5-Hz- stimulation-induced LTP in both wild -type and 
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Figure 3 NMDA- receptor currents and synaptic physiology, a, Current- voltage 
relationship for NMDA (250^M)-receptor-gated currents recorded in the 
presence of magnesium (1 mM) (white circles, wild type (n = 10); filled circles, 
PSD-95 mutant [n = 16)). Insert, currents recorded from a single PSD-95 mutant 
cell at -70 mV (middle trace), -20 mV (lower trace), and +50 mV (upper trace). 
Calibration bars are 50 ms and 100 pA. b, Current-voltage relationship for NMDA 
(250 p.M)- receptor-gate d currents recorded in magnesium-free solution (white 
circles, wild type {n = 12); filled circles, PSD-95 mutant (n = 24)). c, Synaptic 
NMDA- receptor currents. The bars show the magnitude of the NMDA- receptor- 
mediated component EPSCs (normalized to the magnitude of the AMPA-recep- 
tor-mediated component; see Methods). At postsynaptic holding potentials of 
both -80 mVand +40 mV, the NMDA-receptor-mediated component of the EPSCs 
in CA1 pyramidal cellsfrom PSD-95 mutants (black bars) is indistinguishable from 
that seen in pyramidal cells from wild-type animals (white bars). Traces show 
representative EPSCs elicited in a wild-type cell (top) and a PSD-95-mutant cell 
(bottom) at +40 mV (outward-going currents) and -80 mV (inward-going currents). 
Each trace is the average of four EPSCs elicited at each holding potential. 
Calibration bars indicate 20 ms and 50 pA. d, Paired-pulse facilitation of fEPSPs 
was measured using pairs of presynaptic fibre stimulation pulses separated by 
20, 50, 100 and 200 ms. Note the larger facilitation [P <0.05) seen in slices from 
PSD-95-mutant animals (rilled symbols) compared to wild type (open symbols). 
Each point is the mean ± s.e.m. (error bars are smaller than point used to plot the 
mean value). 



PSD-95-mutant mice (fEPSPs in slices from PSD-95-mutant mice 
were 110.2 ± 11.7% of baseline (n = 5) in 100 \xM D.L-AP5 and 
98.5 ± 3.4% of baseline in slices from wild-type mice (n = 5)), 
indicating that the enhanced LTP in slices from PSD-95 -mutant 
mice is not due to upregulation of NMDA-receptor-independent 
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Figure 4 Frequency-dependent changes in synaptic strength, a, High-frequency 
stimulation-induced LTP was elicited using two trains of 100-Hz stimulation 
delivered at time zero. Note the larger potentiation seen 60 min after 100-Hz 
stimulation in slices from PSD-95 mutant animals (black symbols) compared with 
slices from wild-type animals (white symbols), b. Single 1-s trains of 100-Hz 
stimulation were delivered six times (at points indicated by black triangles) starting 
at time zero. Synaptic transmission in wild-type slices (white symbols) shows no 
further increase after the second train; transmission in slices for PSD-95 mutants 
continues to increase and saturates at a much higher level, c, d, 900 stimulation 
pulses were delivered at time zero at either 5 Hz (c) or 1 Hz (d). Although these 
stimulation protocols produce small amounts of either LTP (5 Hz) or LTD (1 Hz) in 
slices from wild-type animals (white symbols), both stimulation protocols induce 
large LTP in slices from PSD-95 mutant animals (black symbols). The fEPSPs in c 
were recorded during baseline and 45 min after 5-Hz stimulation in wild-type (left) 
and PSD-95 mutant animals (right). The fEPSPs in d were recorded before and 
45 min after 1-Hz stimulation in slices from wild-type (left, smaller response is after 
1-Hz stimulation) and PSD-95 mutant animals (right, larger response is after 1-Hz 
stimulation). Calibration bars in c and d indicate 2 mV and 2 ms. e, Summary of the 
ability of different frequencies of synaptic stimulation to induce persistent changes 
in synaptic strength in hippocampal slices from wild-type (white symbols) or PSD-95 
mutant (black symbols) animals; 0.02 Hz, which corresponds to the stimulation 
frequency used to monitor synaptic transmission throughout the experiments, had 
no effect on synaptic transmission in slices from wild-type and PSD-95 mutant 
animals. The line at 100% of baseline corresponds to no lasting change in synaptic 
strength, f, EPSPs evoked once every 30s were recorded intracellular^ from 
individual CA1 pyramidal cells. Following 10 min of baseline recording, 30 EPSPs 
(evoked at 0.5 Hz) were each paired with a 150-ms, 1.0-nA depolarizi ng current pulse 
delivered through the recording electrode starting 10 ms after the start of an EPS P. 
Data are from 12 wild-type cells ^? = 4 animals; white symbols) and 11 PSD-95 
mutant cells fp — 4 animals; black symbols). 
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forms of LTP. A large enhancement of LTP in PSD-95 -mutant slices 
was also stimulated by intermediate frequencies. In wild-type slices, 
900 pulses of 10 and 20 Hz induced potentiations of 151.6 ± 14.8% 
(n = 4) and 167.4 ± 17.7% of baseline (n — 6), respectively, whereas 
fEPSPs from PSD-95-mutant mice were potentiated to 240.2 ± 4.6% 
(n — 5) and 277.3 ± 37.5% (n = 6) of baseline, respectively. Finally, 
we used a low-frequency protocol (1 Hz, 900 pulses) that induces LTD 
in hippocampal slices 21 from young wild -type mice and induces a small 
and nonsignificant depression of synaptic transmission in slices from 
adult wild -type mice (fEPSPs were 82.2 ± 19.6% of baseline (n = 4, 
f(3) = 0.91), compared with pre- 1 Hz baseline) (Fig. 4d). In response 
to this stimulation protocol, slices from adult PSD-95 -mutant mice 
showed a significant LTP (fEPSPs were 180.4 ± 21.8% of baseline; 
n = 5, r(4) = 3.69, P < 0.025) (Fig. 4d). As summarized in Fig. 4e, 
these results indicate that the frequency sensitivity of LTP induction in 
the CA1 region of the hippocampus is altered in PSD-95-mutant mice. 

To determine whether the enhanced LTP was due to altered 
inhibitory synaptic transmission, we tested potentiation in the pre- 
sence of GABA inhibitors. Although 50 pulses of stimulation at 2.5 Hz 
elicited little LTP in slices from wild-type mice (fEPSPs were poten- 
tiated to 126.5 ± 8.3% of baseline; n = 7), we found that synaptic 
transmission was potentiated to 232.76 ± 30.4% of baseline in slices 
from PSD-95-mutant mice (n = 3, t(S) = 4.93, P < 0.005, compared 
to wild-type). When inhibitory synaptic transmission was blocked by 
50-100 |xM picrotoxin, 50 pulses of 2.5 Hz still elicited a significantly 
(r(4) = 2.99, P < 0.025) larger LTP in slices from PSD-95-mutant 
mice (fEPSPs were potentiated to 271.9 ± 31.1% (n = 3) of baseline 
in slices from PSD-95 mutants, and 175.6 ± 8.3% (n = 3) of baseline 
in slices from wild-type mice). In addition, when inhibitory synaptic 
transmission was blocked by lOOuM picrotoxin and intracellular 
micro electrodes were used to record EPSPs, we found that pairing 
low-frequency presynaptic fibre stimulation (0.5 Hz) with postsynap- 
tic depolarization induced significantly larger LTP in cells from PSD- 
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Figure 5 Behavioural data, a, Path length across 3 days of traini ng to a visible cue 
(4 trials per day). By trial 12. the path lengths of both groups in the 2-m-dia meter 
pool were equivalent and close to the minimum possible. Control, white symbols; 
PSD-95, filled symbols {mean ± 1 s.e.m.). b, Path length across 5 days of place- 
learning to a hidden platform. Wild-type controls learn to take relatively direct 
paths, whereas PSD-mutant mice persist in taking circuitous routes, c, d, 
Representative swim paths (c) and per cent time spent in each quadrant (d) 
during the60-s transfer test in which the hidden platform (grey in c) is not present 
in the pool. Wild-type mice consistently search in the correct location but PSD-95 
mutant mice swim all over the pool. Further training (for up to 32 trials) failed to 
reveal spatial learning in PSD-95 mutant mice (see text). The horizontal dotted line 
at 25% in d indicates chance performance. Training quadrant, TRA; adjacent left, 
Adj/L; adjacent right, Adj/R; opposite, Opp. 



95 mutants (30 min post-pairing EPSPs were 105 ± 11.8% of baseline 
in wild-type cells and 245 ± 25. 1% of baseline in PSD-95 mutant cells; 
t(6) = 4.64, P < 0.005; Fig. 4 f). Therefore, the enhanced induction of 
LTP in PSD-95 mutants does not seem to arise from alterations in 
inhibitory synaptic transmission. Moreover, the larger potentiation 
induced by pairing low-frequency presynaptic fibre stimulation with 
postsynaptic depolarization in PSD-95 mutants indicates that changes 
in paired-pulse facilitation or postsynaptic excitability are unlikely to 
underlie the LTP enhancement seen in PSD-95 mutants. 

Learning and memory in PSD-95 mutants 

Neural- network models of learning and memory incorporating 
bidirectional synaptic plasticity (LTP and LTD) predict that major 
alterations in the frequency function should be deleterious to 
learning. We therefore tested spatial learning in a watermaze, 
which is dependent on hippocampus NMDA- receptor function 22,23 . 
Adult littermate wild-type (n = 9) and homozygous (n = 12) mice 
swam in the pool and mounted the platform in the normal ways. 
With the experimenter blind with respect to genotype, we moni- 
tored the animals as they learned to approach a platform marked 
with a visible cue (Fig. 5a). Both wild-type and PSD-95 mutants 
reduced the length of their path across the training period (Fig. 5a). 
Although the mutant mice were initially slower, no difference 
between groups was seen over the last 6 trials (P < 0.05). We then 
tested spatial learning using the hidden platform version of the 
watermaze. The mutant mice had significantly longer swim paths 
than wild-type mice (controls, 4.32 ± 0.30 m; PSD-95 mutants, 
9.04 ± 0.50m; F(\, 19) = 5.66, P < 0.05; Fig. 5b). After 20 training 
trials, performance in a transfer test (with the platform removed) 
was used as an index of learning (Fig. 5c, d). Wild-type mice showed 
a spatial bias towards the training quadrant, spending significantly 
more time searching there than in the other three quadrants 
(F(3,24) = 13.84; F< 0.0001), unlike the mutant mice (F < 1, 
P < 0.9; group by quadrant interaction, F(3, 57) = 5.41; 
P < 0.005). The mice were then given further training using a 
smaller platform until they reached a specified criterion, or until 32 
trials had been completed. All controls (9/9) reached this criterion 
in 15.1 ±2.4 trials whereas only 2/12 PSD-95 mutants were 
successful, giving a group mean of 29.3 ± 2.0 trials 
CF(1, 9) = 20.51; P < 0.0005). The PSD-95-mutant mice therefore 
had a marked inability to learn the position of the hidden platform, 
an effect also seen when NMDA receptors are blocked 22 ' 23 . 

Discussion 

PSD-95 has been suggested in in vitro studies 7 to localize NMDA 
receptors to the synapse and our results show that they are 
synaptically localized in PSD-95-mutant mice. This raises the 
possibility that other molecules may be more important in localiz- 
ing NMDA- receptor subunits to the synapse. Receptor localization 
could be achieved by actin in dendritic spines 24 ; actin may interact 
with NMDA-receptor subunits through a-actinin 25 and spectrin 26 . 
The NMDA receptor may experience two sets of interactions: one 
controlling receptor localization and turnover, which is indepen- 
dent of PSD-95, and a second operating through PSD-95 on signal- 
transduction pathways that control synaptic strength (Fig. 6a). 

A wide range of frequencies and patterns of pre- and postsynaptic 
activity probably act through NMDA-receptor-dependent forms of 
synaptic plasticity to modulate dynamically the strength of excita- 
tory synaptic transmission in vivo. In our PSD-95-mutant mice, the 
frequency- response function controlling the induction of persistent 
changes in synaptic efficacy 24 showed a dramatic leftward and 
upward shift so that all frequencies tested (1, 5, 10, 20, 100 Hz) 
induced LTP. This propensity towards potentiation was most 
marked at low frequencies, where for example 1-Hz stimulation 
produced no potentiation in wild-type mice but a large LTP in the 
PSD-95 mutants. This enhanced LTP requires the activation of 
NMDA receptors and reaches the enhanced level during the first 
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30min after high-frequency stimulation (100 Hz). Postsynaptic 
kinases and phosphatases are known to regulate long-term plasticity 
during this time window 1,2 , which suggests that a pathway down- 
stream from the NMDA receptor has been modified in the PSD-95 
mutants. Components of this pathway could include PSD-95- 
binding proteins such as SynGAP 28,29 , neuroligin 18 , GKAP/ 
SAPAP 30,31 , neuronal NO synthase 13 and postsynaptic phosphatases 
that participate in LTD. A model of the NMDA receptor, PSD-95 
and associated proteins in a signal-transduction complex (Fig. 6a) 
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Figure 6 Model for PSD-95 function, a, The NMDA-receptor/PSD-95 complex atthe 
synapse with presynaptic terminal with synaptic vesicles (top) and dendritic spine 
(bottom). NR2 subunits bind PSD-95, which binds neuronal NO synthase, SynGAP, 
GKAP /SAPAP proteins and neuroligin, which binds the presynaptic protein 
neurexin. Anchoring proteins tether the transduction complex through NMDA- 
receptor subunits to the postsynaptic cytoskeleton. Glutamate release from the 
presynaptic terminal leads to Ca 2+ influx, which together with PSD-95 and 
associated proteins may regulate the balance between LTP and LTD (arrows), b, 
c, A model to explain the learning defects in PSD-95 mutant mice, based on learning 
rules using bidirectional synaptic plasticity, b, Postsynaptic activity (as a function of 
the frequency of trains of synaptic stimulation in Hz) is plotted against the 
corresponding degree of LTP (red) and LTD (blue). The green box (labelled learning) 
shows the firing frequency of hippocampal CA1 neurons during exploratory 
behaviour: in this range, synapses in wild-type mice may show either LTP or LTD, 
whereas PSD-95 mutant synapses a re more likely to show LTP c, This is indicated in 
a neural network in which PSD-95 mutants have an inappropriately higher number 
of synapses showing LTP (red) and too few showing LTD (blue). Grey triangles are 
cell bodies, and processes are lines that intersect as synapses; the colour (blue- 
red) indicates the strength of synaptic transmission. 
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in which the associated proteins participate in downstream signal- 
ling is in keeping with the 'transducisome 5 model described for 
Drosophila, where the Trp calcium channel binds PDZ-domain- 
containing proteins that mediate assembly of a signalling complex 32 . 
One function of this complex that is suggested by our paired-pulse 
facilitation data is to allow the postsynaptic NMDA receptor to 
regulate transmitter release as a result of PSD-95/neuroligan/neur- 
exin interaction with the presynaptic terminal. 

Mathematical models of synaptic plasticity that include bidirec- 
tional modifications of synaptic strength (potentiation and 
depression) 27 ' 33 when incorporated into neural-network simulations 
have implications that bear on our PSD-95-mutant mice (Fig. 6b, 
c). Unlike networks composed of synapses exhibiting only potentia- 
tion of synaptic strength, bidirectionally modifiable synapses can 
increase storage capacity, reduce errors, and limit the number and 
strength of potentiated synapses to an optimum for memory 
storage 34,35 . Hippocampal neurons fire in the 8 range of 4-12 Hz 
during exploratory behaviour 36 , and in this range neurons in PSD- 
95 mutants show dramatic LTP, unlike neurons in wild -type mice 
which are near the threshold between LTP and LTD. Consequently, 
training of PSD-95-mutant mice in a spatial learning task might 
cause too many synapses within the network to become strongly 
potentiated and not enough to be depressed, resulting in a degrada- 
tion of information storage and recall capacity, which manifests as a 
learning impairment. Genetic manipulation of PSD-95 will enable 
bidirectional regulation of synaptic strength to be controlled and 
provide further insight into synaptic plasticity and neural networks 
and their integrated function in learning and memory. □ 



Methods 

Gene targeting and biochemistry. The targeting vector comprised 1.6-kb and 
4.2-kb bands of, respectively, 5' and 3' genomic DNA flanking a cassette 
(TAG3lRESlacZpA-MClneopA) containing the positive selectable marker MCI - 
neo (neomycin). The 5' end of this cassette contained stop codons in all reading 
frames to terminate translation of PSD-95 at the Pv«II site in PDZ3, followed by an 
internal ribosome- entry site (IRES) which allows a p-galactosidase reporter gene 
to be expressed under the control of PSD-95. For negative selection, two copies of 
the thymidine kinase gene (MCl-tk) was ligated 5' to the 5' homology arm. The 
targeting construct was linearized and electroporated into ES cells (El4Tg2cdV 
clone). For Southern blot analysis, 5-15 /xg DNA from ES cells or tail tips were 
digested with £coRI or Hindlll and probed with a 0.8-kb cDNA fragment (5' 
probe) or a 1.2-kb genomic DNA (3' probe) flanking the homology region. 
Genotyping using PCR required two independent reactions. The wild-type allele 
was amplified (220-bp product) using a forward primer upstream of the PvwII site 
in the PDZ3 domain ( AACC A AGG CG G ATCGTG ATCC A ) and a reverse primer 
( TCTCTTTGGTGGGCAGTG ) . The mutant allele (2-kb product) was amplified 
using a forward primer in the neo gene ( C ATTCG ACC ACCAAGCG AAAGATC) 
and a reverse primer ( GAG GG AGCGG G GACGGATG A) in PSD-95. Amplifica- 
tion was for 30 cycles of 30s at 93 °Q 60s at 55 °C, 60s at 72 °C. Standard 
procedures were used for synaptosome preparation, protein extraction, immuno- 
blotting and immunoprecipitation. Antibodies: against NR1, mAb 54.1 and pAb 
1516 (Chemicon); against PSD-95, pAb!38, raised against the N-terminal 438 
residues of a mouse PSD-95 fusion protein, and mAb PSD-95 (Transduction Labs). 
Neuroanatomy. All procedures relating to the care and treatment of mice 
conformed with institutional and NIH guidelines. Nine mice were anaes- 
thetized with a lethal dose of chloral hydrate and perfused with aldehydes, 
dissected, post-fixed, and sectioned 37 . 50-|xm vibratome sections were used for 
immunohistochemistry and 15-jxm freshly frozen sections were used for X-gal 
(5-bromo-4-cWoro-3-indolyl-0-galactoside) (Nova Biochem) staining. Pri- 
mary antibodies were: anti-NRl mAb 54.1 (1/100); anti-synaptophysin mAb 
SY38 (1/10; Boehringer); non-phosphorylated neurofilament mAb SMT32 
(1/7,500; Steinburger Monoclonal); MAP2 mAb HM2 (1/800; Sigma Immuno 
Chemicals). Standard procedures were followed for immunofiuorescent stain- 
ing, mounting and covers! ipp in g 37 . Sections were examined and photographed 
by experimenters blind to genotype. For post-embedding immunogold loca- 
lization, six additional mice were perfused with a fixative composed of 2.5% 
glutar aldehyde, 1% paraformaldehyde and 0.1% picric acid in 0.1 M PBS, pH 
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7.3. After fixation, vibratome sections of CA1 were collected, embedded in 
resin, thin-sectioned, prepared for post-embedding immunogold localization 
of NR1, and viewed at 60 kV on a Zeiss CH-10 electron microscope, as 
described 37 . Control experiments in which grids were incubated in buffer 
instead of the NR1 antibody showed no immunogold labelling. 
Electrophysiology. 400- |xm- thick slices of mouse hippocampus were main- 
tained at 30 °C in an interface-type recording chamber perfused with a murine 
artificial cerebrospinal fluid (ACSF) containing 124mM NaCl, 4.4 mM KCl, 
25 mM Na 2 HC0 3 , 1 mM NaH 2 P0 4 , 1.2MgS0 4> 2mM CaCl 2 and lOrnM 
glucose. fEPSPs elicited by Schaffer collateraJ/commissural fibre stimulation 
were recorded in the CA1 region as described 20 . Glass microelectrodes filled 
with 2M CsCl (resistance, 60-140MOhms) were used to record EPSPs from 
individual CA1 pyramidal cells and current injected through the recording 
electrode was used to hyperpolarize cells to between -90 and -95 mV. There 
were no differences between mutant and wild-type cells in either resting 
membrane potential or input resistance. In these experiments, slices with the 
CA3 region removed were bathed in a modified, 1 00 jjlM picrotoxin-containing 
ACSF in which the concentrations of CaCl 2 and MgS0 4 were raised to 4.0 mM 
each and the concentration of KCl was reduced to 2.4 mM. High- frequency- 
stimulated LTP was induced using 2-s and 1-s trains of 100-Hz stimulation 
(intertrain interval was 10s). Saturating levels of LTP were induced by six 
deliveries of single 1 -s trains of 1 00-Hz stimulation every 5 min. To test synaptic 
responses mediated by NMDA receptors in mutant and wild-type mice, we 
used whole-cell voltage-clamp techniques to record EPSCs due to Schaffer 
collateral fibre stimulation in CA1 pyramidal cells held at membrane potentials 
between -80 and +40 mV. Low- resistance (3-5 Mfi; access resistances ranged 
from 12.5 to 27 MU) patch-clamp electrodes were filled with a solution 
containing 140mM CsCl, 1 mM MgCl 2 , 0.2 mM EGTA, 2mM Mg-ATP, 
0.3 mM GTP and 10 mM HEPES, pH 7.2. In some experiments, electrodes 
were filled with a solution containing 122.5mM caesium gluconate, 15mM 
CsCl, 2.5 mM TEA-Cl, 1.4 mM NaCl, 0.2 mM EGTA, 2mM Mg-ATP, 0.3 mM 
GTP and 10 HEPES, pH 7.2. In these experiments, slices with the CA3 region 
removed were maintained at room temperature (20 to 22 °C) in a submerged 
recording chamber perfused (2-3 ml per min) with a modified ACSF contain- 
ing 100 fxM picrotoxin, 2.4 mM KCl, and double the normal concentrations of 
CaCl 2 and MgS0 4 . The AM PA- and NMDA-receptor- mediated components of 
the EPSCs were estimated from the amplitude of the synaptic currents 
measured at 5 and 50 ms after the start of the EPSC, respectively. To compare 
across cells the size of the NMDA- receptor-mediated component of the EPSC, 
it was normalized to the size of the AM PA- receptor- mediated component. All 
values are reported as mean ± s.e.m., n being the number of mice. All 
experiments were performed blind, and after data collection the genotypes 
were revealed for analysis. Primary cultures of forebrain neurons were prepared 
from individual neonatal mice (PI) as described 38 . Whole-cell patch-clamp 
recordings were made from cells cultured for 12-20 days (wild type, mean age 
of 13.6 d; PSD- 95 mutant, mean age of 16.3 d), which was after the age at which 
PSD-95 expression was observed by using X-gal staining. The composition of 
the recording electrode solution was (in mM): CsMeS0 3 100, Cs-BAPTA 5, 
HEPES 1 5, Mg-ATP 4, Na-GTP 0.4, sucrose 40, adjusted to pH 7.2 with CsOH. 
The composition of the bathing medium was (in mM): NaCl 140, KCl 3, CaCl 2 
2.5, HEPES 15, glucose 10, MgCl 2 0 or 1, adjusted to pH 7.4 with NaOH. 
Currents were evoked by brief (50-ms) application of 250 (xM NMDA + 25 jxM 
glycine. The calculated junction potential of + 15 mV was not corrected for in 
the data shown here. Student f-tests were used to assess statistical significance. 
Behavioural testing. We used an open-field watermaze (2 m in diameter, 
opaque water, 25 ± 1 °C, automated swim-path monitoring). Visible platform 
training: mice were trained to a randomly located platform with a striped flag 
protruding above it (4 trials per day for 3 days; 30-cm-diameter platform; 
curtains drawn around the pool to occlude extra-maze cues; maximum trial 
duration was 90s; intertrial interval (ITI), 10 min). Hidden platform training: 
we used a hidden platform with the extra-maze cues visible (4 trials per day, 5 
days, 30-cm platform; platform area/pool area was 1/44; 30 s was spent on the 
platform at the end of each trial; ITI, 10 min). Transfer test: 10 min after the 
previous training trial, mice were placed in the pool for 60s (platform absent; 
the start position was opposite to whatever training quadrant had bene used for 
an individual animal). Training to criterion: extended hidden -platform train- 
ing, using a smaller hidden platform (20 cm diameter; platform area/pool area 



was 1/100) until the animals completed 2 consecutive days with each trial of 
<20 s, or until 32 trials had been done. 
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Since the mid 1980s, there has been a great deal of enthusiasm within both academia and industry 
about the therapeutic potential of drugs targeting the NMDA subtype of glutamate receptors. That 
early promise is just beginning to translate into approvable drugs. Here we review the reasons for 
this slow progress and critically assess the future prospects for drugs that act on NMDA receptor 
pathways, including potential treatments for some major disorders such as stroke and Alzheimer's 
disease, for which effective therapies are still lacking. 
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Glutamate is the main excitatory neurotransmitter in the mam- 
malian CNS and mediates neurotransmission across most excita- 
tory synapses. Three classes of glutamate-gated ion channels 
(AMPA, kainate and NMDA receptors) transduce the postsynap- 
tic signal. NMDA receptors are abundant, ubiquitously distrib- 
uted throughout the brain, fundamental to excitatory 
neurotransmission and critical for normal CNS function. Activa- 
tion of the NMDA receptor is complex; both glutamate and glycine 
binding are required to open the ion channel and permit calcium 
entry. Glutamate has the neurotransmitter role, as it is released 
from presynaptic terminals in an activity- dependent manner, 
whereas glycine acts as a modulator, which is present in the extra- 
cellular fluid at more constant levels. The ion-channel integral to 
the NMDA receptor is voltage- depend en tly blocked by magne- 
sium, and depolarization removes this block. Thus the NMDA 
receptor acts as a coincidence detector, linking neurotransmitter 
activation with the electrical state of the neuron. Sustained NMDA 
receptor activation promotes signaling to the nucleus that culmi- 
nates in CREB phosphorylation, multiple gene activation and long- 
term synaptic plasticity (the mechanism underlying learning and 
memory). However, excess glutamate chronically overstimulates 
NMDA receptors, and excess intracellular calcium causes excito- 
toxicity (the glutamate-dependent mechanism by which neurons 
die in various CNS disorders). Too much is as harmful as too lit- 
tle. The NMDA receptor's role in excitotoxicity has driven the 
search for antagonists as neuroprotective agents. Its role in synap- 
tic plasticity, on the other hand, has inspired research into recep- 
tor potentiators to treat cognitive dysfunction. 

Fortunately, the NMDA receptor complex is bristling with 
modulatory sites, and the late 1970s and 1980s saw the develop- 
ment of agonists, antagonists and modulators acting at different 
binding sites 1 (Fig. 1). In the last decade, the molecular biology of 
the NMDA receptor family has been defined, and we now know 
that these receptors are composed of an NR1 subunit in combi- 
nation with one or more NR2 subunits 2 and, less commonly, an 
NR3 subunit 3 - 4 . 

The NR2 subunits, of which there are four (A-D), determine 
the pharmacology and other properties of NMDA receptors, with 
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further contributions from alternative splicing of NR1, particu- 
larly in exon 5 (ref. 5). There are differences in subunit expression. 
Whereas NR1 and NR2A are ubiquitous, NR2B is restricted to the 
forebrain, 2C to the cerebellum, and NR2D is much rarer than 
other subtypes. Differential assembly of receptor subunits allows 
for subtype- selective compounds, such as the prototypical NR2B 
selective blocker ifenprodil 6 . Detailed studies with selective com- 
pounds will be necessary to understand the distribution of differ- 
ent structural subtypes with greater clarity than is currently 
provided by mRNA distribution or currently available radioligands. 

NMDA receptor antagonists 

In theory, any CNS disorder in which neuronal loss is caused by 
glutamate-induced excitotoxicity has the potential to be treated by 
blocking NMDA receptors. The list includes cerebral ischemia, 
which occurs after stroke or brain trauma — dying neurons at the 
damaged core release glutamate to overactivate those in the 
penumbra. The NMDA receptor blocking approach may also be 
applied to neurodegenerative disorders in which excess gluta- 
mate is not the primary problem, but compromised neurons 
become sensitized to excitotoxic damage (for example, Parkin- 
son's and Huntington's diseases). Finally, disorders such as epilep- 
sy and neuropathic pain, in which there is overactivity of 
excitatory pathways, would also be candidates for NMDA recep- 
tor antagonist treatment. 

Among these disorders, the preclinical rationale for the acute 
treatment of brain ischemia is strongest 7 , and nonselective NMDA 
antagonists are the most consistently neuroprotective agents in 
animal models of stroke. Nevertheless, clinical trials in stroke and 
traumatic brain injury with NMDA antagonists have so far 
failed 7-9 . Is it time to conclude that NMDA receptor antagonists 
do not work in humans? Perhaps not. Although brain levels of 
drugs cannot routinely be measured in patients, the plasma levels 
achieved in recent studies were consistently below those needed 
for maximal neuroprotection in animal models 7 . NMDA antag- 
onists have a number of adverse CNS effects, including halluci- 
nations, a centrally mediated increase in blood pressure and, at 
high doses, catatonia and anesthesia (for which the NMDA ion- 




review 




Modulatory 
LIVBPIike 



Agonist 
binding 
GlnBP-lika 
Domain 



/ Zn 2+ (KRZA) 
I Ifenprodil (NR2B) 



Fig. I . NMDA receptor model showing potential sites 
for drug action. The extracellular part, made up of the N- 
terminal region and the extracellular loop between TM3 
and TM4, contains two clam shell-like domains per sub- 
unit that for the agonist binding sites and modulatory 
binding sites 37 . The endogenous ligand for the modula- 
tory domain on NR2A appears to be zinc. Although an 
endogenous ligand remains to be determined for NR2B, 
it is the site of action of ifenprodil-like compounds on 
NR2B. In addition to its critical channel blocking action, 
Mg 2+ also appears to be the endogenous ligand for the 
polyamine modulatory site. Possible drug targets are 
highlighted in yellow. 
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channel blockers phencyclidine and ketamine were initially devel- 
oped). These mechanism-based side effects have limited the doses 
used clinically 7 . Furthermore, the difficulty of conducting clini- 
cal trials in disorders with hugely variable outcomes such as stroke 
is considerable, so improved patient selection and trial method- 
ology may help. It is premature to give up. The key issue is whether 
drugs that reduce NMDA activity can be developed without these 
dose-limiting side effects while still retaining some benefit. 

Subtype- selective compounds or those with improved bio- 
chemical mechanisms may provide a step forward. The NR2B 
selective antagonist ifenprodil is neuroprotective in animal mod- 
els of stroke without the severe side-effects of earlier drugs 10 . Sub- 
type selectivity and a unique activity-dependent mechanism 
contribute to its superiority. Ifenprodil preferentially targets per- 
sistently activated receptors, but with a different mechanism of 
action from the open ion channel blockers (PCP and MK-801). 
Unlike these latter compounds, which become trapped within 
the closed receptor channel, leading to an accumulation of block, 
ifenprodil-like inhibitors have a reduced affinity and unbind from 
unactivated receptors leaving transiently activated receptors rel- 
atively unaffected 1 1 (Fig. 1). 

A number of more potent and selective NR2B subunit antag- 
onists have since been described, most of which are neuropro- 
tective in animal models and produce minimal side effects at 
maximally neuroprotective doses (for example, CP- 101606, Ro 
25-6981 and Ro 63-1908) 7 ' 12 . Encouragingly, in humans, CP- 
101606 (traxoprodil) did not induce the usual side-effects seen 
with nonselective NMDA antagonists. However, enthusiasm for 
this approach has been tempered by its reported failure in a clin- 
ical trial of traumatic brain injury (press release from Pfizer, Octo- 
ber 2001). It is to be hoped that further trials with different 
compounds, assisted by improved measures of how much drug 
reaches the receptor (for example, by positron emission tomog- 
raphy) and the closer tracking of CNS damage will enable the 
potential of these drugs to be more fully tested. 

The adverse effects of nonselective compounds has prevented 
widespread testing, particularly in disorders where they would 



need to be given chronically (unlike the acute treat- 
ment of stroke). However, the improved side effect 
profile of NR2B-selective compounds in humans 
has encouraged the initiation of clinical trials for 
other disorders. Animal studies indicate an impor- 
tant physiological role for NMDA receptors in both 
the induction and maintenance of neuropathic pain 
states, and nonselective NMDA receptor antagonists 
have consistent antinociceptive properties in both 
animals and humans 14 . In animal studies, NR2B- 
selective antagonists are antinociceptive at doses 
below those that impair motor coordination and 
elicit stimulant activity 15,16 . We wait with interest 
to see whether a similar margin occurs in humans as NR2B-selec- 
tive compounds approach clinical trials. 

An alternative approach to avoid unwanted side effects is to 
ensure that NMDA receptors are only partially blocked. So far, 
this has been most effectively achieved through the glycine site 
on the receptor, for which partial agonists exist. Pathological acti- 
vation should be less likely because without full agonism at the 
glycine site, even at high glutamate concentrations, the receptor 
cannot be fully active. Preclinical studies suggest that glycine- 
site antagonists do indeed possess better side-effect profiles than 
high-affinity channel blockers, although chemically it has proved 
challenging to develop potent glycine-site antagonists that mimic 
the small amino acid with the right drug-like qualities for chron- 
ic dosing 17,18 . 

NMDA antagonists have been known for several years to have 
beneficial effects in animal models of Parkinson's disease (PD). 
When nigrostriatal dopamine is depleted, glutamatergic path- 
ways to the striatum and basal ganglia output nuclei become 
overactive. In preclinical dopaminergic lesion models, NMDA 
antagonists act in a synergistic way with levodopa and dopamine 
agonists 19 . Consistently, the development of nonselective NMDA 
antagonists for PD has been hampered by their side effects. How- 
ever, amantadine, a low-affinity NMDA receptor channel block- 
er, is used to treat Parkinson's disease in some countries and has 
also been shown to improve levadopa-induced dyskinesias in 
humans 20 . NR2B-selective antagonists have also been effective 
in rodent and primate PD models and may have therapeutic 
potential either as stand-alone therapies or in combination with 
dopamine agonists. 

For certain disorders, low-affinity channel blockers have a 
better therapeutic window than high-affinity blockers, such as 
MK-801 and PCP, possibly due to their more transient block of 
activated receptor channels. Interestingly, in this regard, a low- 
affinity channel blocker, Memantine, has recently received 
approval for the treatment of moderately severe to severe 
Alzheimer's disease. Merz will launch Memantine (Axura) later 
this year. Given the critical role of NMDA receptor activation in 
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learning and memory, it seems counter-intuitive that an NMDA 
antagonist would improve the symptomatology of Alzheimer's 
disease. However, there is support from preclinical studies that 
low levels of NMDA antagonism can improve learning in certain 
tasks 21,22 , although the precise mechanism underlying this 
remains unclear. 

It is interesting to speculate which mechanism, among low- 
affinity channel blockers (for example, memantine), glycine site 
antagonists, glutamate antagonists or allosteric antagonists, would 
be most beneficial. Glycine or glutamate antagonists have to com- 
pete with high levels of endogenous transmitter, and therefore 
high doses would need to be given. The more consistent glycine 
levels may be easier to block partially but may not be so well tol- 
erated because glycine acts at all subtypes. Ifenprodil-like com- 
pounds are more likely to be well tolerated because of their 
subtype selectivity and activity-dependent mechanism of action, 
but these attributes could result in a reduced efficacy compared to 
nonselective compounds. Only clinical testing will tell. 

NMDA receptor enhancers 

The balance of evidence indicates that potentiating NMDA recep- 
tors should be beneficial for treating cognitive disorders and 
schizophrenia. There is possibly some utility in anxiety disor- 
ders 23 . Nonselective NMDA receptor channel blockers (such as 
PCP or ketamine) disrupt memory formation and cause a schizo- 
phrenic-like syndrome in humans, recapitulating both the posi- 
tive and negative symptoms 24,25 . Transgenic mice in which the 
expression of NR1 sub units is reduced show a schizophrenic-like 
phenotype. Indeed, hypofunction of the glutamate system may 
be central not only to the treatment of schizophrenia but also to 
its etiology. Fortunately, there are multiple ways of enhancing 
NMDA receptor function, some of which have already been tried 
clinically. Direct activation of the receptor by glutamate site ago- 
nists has not been explored because of obvious concerns over 
excitotoxicity. Of the known modulatory sites on the ion-channel 



Fig. 2. A prototypic glutamatergic synapse depicting factors influencing 
NMDA receptor-mediated neurotransmission. Additional possible drug 
targets are highlighted in yellow. 



complex, activation of the glycine site has shown some clinical 
benefit. Glycine or other glycine site agonists, D-serine and 
D-cycloserine, given in addition to standard antipsychotic thera- 
py, have both been reported to show efficacy in treating schizo- 
phrenia including the cognitive deficits 26,27 . Whether a glycine 
site agonist can generate the same level of therapeutic benefit in 
the absence of other neuroleptic agents remains to be determined, 
and glycine enhancement has so far failed to treat all aspects of 
the disorder. Furthermore, selective, drug-like glycine site ago- 
nists have proven even harder to develop than antagonists. 

Some companies have taken the approach of trying to increase 
extracellular levels of glycine by blocking glycine re-uptake into 
neurons through the glyT-1 transporter (using drugs such as ALX 
5407 and ORG 24598). This assumes that CNS levels of glycine 
are insufficient to saturate the glycine site, for which there is some 
evidence 28 . Blocking neurotransmitter transporters is a seem- 
ingly tractable target because other highly effective drugs work 
through this mechanism (for instance, SSRIs). An analogous 
approach is to increase extracellular levels of D-serine, another 
endogenous ligand for the glycine site 29 , by inhibiting re-uptake 
into glia. Similarly, preventing synthesis of D-serine by inhibit- 
ing serine racemase 30 could theoretically have utility as an indi- 
rect inhibitor of NMDA activity. 

Reduction of NMDA receptor function with drugs or genet- 
ic manipulation clearly disrupts learning and memory in ani- 
mals. Similarly overexpression of the NR2B subunit improves 
learning and memory in mice 31 . Perhaps it will be possible to 
find small molecules that potentiate NMDA receptors in the 
way that benzodiazepines (such as Valium) enhance activation 
of GABA A receptors. The principle has been proven for anoth- 
er class of glutamate receptors, the AMPA receptors, for which 
aniracetam, CX516 and LY-404187 potentiate the receptor, 
mainly through suppression of desensitization (see review by 
Lynch in this volume). If AMPA receptor potentiators can be 
beneficial in cognitive disorders, then those acting through the 
NMDA receptor have equal, if not greater, merit. Small mole- 
cules that potentiate NMDA receptors have been identified 32 , 
at least in principle. 

Future prospects 

Work in the NMDA receptor field indicates that developing com- 
pounds safe enough to pass the highest hurdles is not easy. Real- 
istically, compounds with more subtle profiles (subtype-selective 
or activity-dependent blockers) are more likely to make the grade, 
as are those that affect the availability of agonists upstream of the 
receptor. The domain on NR2B to which ifenprodil binds also 
exists on all other ionotropic glutamate receptor subunits and is 
the site to which zinc binds to block NR2A receptors. Thus, by 
targeting this site there is the potential to develop compounds 
selective for other subtypes. 

The recent explosion in genomics, proteomics 33 and in under- 
standing the structure of the excitatory synapse 34 has identified a 
plethora of proteins that might modify glutamate neurotrans- 
mission downstream of receptor activation. The NMDA recep- 
tor is part of a postsynaptic signaling complex known as the 
postsynaptic density, composed of PSD-95 and many other PDZ 
domain-interacting proteins, including kinases, and other sig- 
naling and scaffolding proteins (Fig. 2). Some of these represent 
potential drug targets. Although protein-protein interactions 
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have been notoriously difficult to disrupt using small molecules 
of the type that readily penetrate the brain, many regulatory 
enzymes interact with NMDA receptors, some in a subunit-selec- 
tive manner (for example, CaMKII interactions with NR2B), 
offering further subtlety of action. The magnitude and specifici- 
ty of modulating NMDA function by blocking receptor-specific 
kinases is as-yet un characterized. Recent intriguing data suggest 
that synaptic and extrasynaptic NMDA receptors serve different 
functions 35 ' 36 . If confirmed, this offers yet another route to phys- 
iological specificity once the subtypes and/or post-receptor mech- 
anisms are better understood. 

Given the many, varied opportunities to modify NMDA 
receptor activity, the potential for finding therapeutically valu- 
able drugs is high. However, the balance between blocking 
NMDA neurotransmission and potentiating it is a critical one. 
Will we be able to find effective drugs for schizophrenia without 
increasing the propensity to damage from stroke? Will subtle 
blockade of NMDA receptors relieve pain without disrupting 
learning? If we are fortunate and/or skilled enough, it may be 
possible to correct an over- or under-active glutamate system 
with the appropriate drug. It is worth bearing in mind, however, 
that the brain has had the whole of evolution to generate that 
balance. What are the chances that the pharmaceutical industry 
can improve on it in a decade or two? 
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